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ABSTRACT 
 
 
Spatiotemporal Evolution of Pleistocene and Late Oligocene-Early Miocene Deformation  
 
in the Mecca Hills, Southernmost San Andreas Fault Zone 
 
 
by 
 
 
Amy C. Moser, Master of Science 
 
Utah State University, 2017 
 
 
Major Professor: James P. Evans 
Department: Geology 
 
 
Constraining the spatiotemporal evolution of deformation over the 105-107-year 
timescales is critical for understanding how fault systems progress through time. The 
Mecca Hills, southern California, are an area of active deformation and exhumation 
resulting from transpression on the adjacent San Andreas Fault and complex tectonics of 
the Eastern California Shear Zone (ECSZ). Previous studies in this locality largely 
focused on deformation expressed in the Plio-Pleistocene sedimentary units. Precambrian 
to Cretaceous crystalline basement rocks are also exposed in the Mecca Hills and are cut 
by the San Andreas-related structures. Their age and relationship to the fault zones 
suggest these crystalline units potentially preserve a broader record of San Andreas-
related and older deformation in the Mecca Hills.  
This study presents integrated field observations, fault zone geochemistry, 
microstructural, and low-temperature thermochronometry data from the crystalline 
basement rocks of the Mecca Hills. Results from the fault zone, apatite, and hematite (U-
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Th)/He datasets suggest punctuated deformation processes occurred in the Pleistocene. 
Rapid discrete fault block exhumation at ~1.2 Ma was followed by syn-kinematic 
mineralization as these fault blocks continued to exhume to the surface. We suggest that 
deformation on hematite-coated slip surfaces was accommodated intermittently by crack-
sealing and creep processes. The timing of spatially and temporally localized deformation 
documented herein is consistent with ~1.3-1.1 Ma tectonic reorganization of the 
southernmost San Andreas Fault system. These results do not shed light on ECSZ 
development. 
Zircon (U-Th)/He data inform an earlier thermal history of the Orocopia Schist 
and other crystalline basement in the Mecca Hills. Previous thermal studies of the same 
units in the Orocopia Mountains, adjacent to the Mecca Hills, document two phases of 
rapid cooling in the Eocene and Late Oligocene-Early Miocene. Thirty-two individual 
zircon He analyses from six crystalline basement samples in the Mecca Hills analyzed in 
this study yield a mean date of 24 ± 3.5 Ma. The zircon (U-Th)/He data suggest the 
Orocopia Schist and other crystalline units in the Mecca Hills were rapidly exhumed as a 
coherent structural block ~24 Ma. Future U-Pb analyses and thermal modeling will 
further constrain the time-temperature histories of these units.
  
(192 pages)
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PUBLIC ABSTRACT 
 
 
Spatiotemporal Evolution of Pleistocene and Late Oligocene-Early Miocene Deformation  
 
in the Mecca Hills, Southernmost San Andreas Fault Zone 
 
Amy C. Moser 
 
Seismogenically active faults (those that produce earthquakes) are very complex 
systems that constantly change through time. When an earthquake occurs, the rocks 
surrounding a fault (the “fault rocks”) become altered or damaged. Studying these fault 
rocks directly can inform what processes operated in the fault and how the fault evolved 
in space and time. Examining these key aspects of faults helps us understand the 
earthquake hazards of active fault systems. 
The Mecca Hills, southern California, consist of a set of hills adjacent to the 
southernmost San Andreas Fault. The topography is related to motion on the San Andreas 
fault, which poses the largest seismic hazard in the lower forty-eight United States. The 
southernmost San Andreas fault, and the Mecca Hills study location may be reaching the 
end of its earthquake cycle and is due for a major, potentially catastrophic earthquake. 
The seismic hazards of the region, coupled with its proximity to major populated areas 
(Coachella Valley, Los Angeles Basin) make it a critical research area to understand fault 
zone evolution and the protracted history of fault development.  
The goal of this thesis was to directly examine the fault rocks in the Mecca Hills 
to understand how San Andreas-related faults in this area have evolved and behaved 
through time. This study integrates a variety of field and laboratory techniques to 
characterize the structural, geochemical, and thermal properties of the Mecca Hills fault 
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rocks. The results herein document two distinct phases of deformation in the rocks 
exposed in the Mecca Hills, one around 24 million years ago and the other in the last one 
million years. This more recent phase of deformation is characterized by fault block 
exhumation and fluid flow in the fault zones, likely related to changing dynamics of the 
southernmost San Andreas Fault system. The older event informs how and when these 
rocks came close to Earth’s surface before the San Andreas Fault initiated.
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CHAPTER I 
 
INTRODUCTION 
 
 
 Quaternary exhumation in the Mecca Hills, southern California, results from 
transpression on the adjacent Coachella Valley segment of the southernmost San Andreas 
Fault and suite of sub-parallel subsidiary faults (Fig. 1-1; Dibblee, 1954; Sylvester and 
Smith, 1976; Damte, 1997). As the type section for the “flower structure” model of 
transpressional deformation, and for various aspects of canonical models of strike-slip 
faults, the Mecca Hills are an iconic section of the southernmost San Andreas Fault zone 
(Sylvester and Smith, 1976; Sylvester, 1988). Recent interpretation of a dipping (60-70° 
NE) San Andreas Fault in this location implies major structures in the Mecca Hills may 
merge with the SAF at depth, forming a flower structure and suite of exhumed, discrete 
structural blocks (Lin et al., 2007; Fuis et al., 2011, 2012; Lin, 2013; Lindsey and Fialko, 
2013; Fattaruso et al., 2014). Recent three-dimensional modeling shows this dipping fault 
geometry may be more consistent with exhumation and uplift in the Mecca Hills 
(Fattaruso et al., 2014).  
The southernmost San Andreas Fault, and the Mecca Hills study location, has not 
had a major historic earthquake (Sieh, 1986). Geophysical studies suggest the southern 
San Andreas Fault, south of San Gorgonio Pass, may thus be reaching the end of its 
earthquake cycle and be due for a major, potentially catastrophic earthquake (Fialko, 
2006). The seismic hazards of the region, coupled with its proximity to major populated 
areas make the Mecca Hills a critical research area for understanding fault zone evolution 
and the protracted history of fault development. 
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Figure 1-1. Tectonic setting of the Mecca Hills in southern California. Red lines 
represent active faults from the USGS fault and fold database. Abbreviations are: SBM – 
San Bernardinno Mountains; SGP – San Gorgornio Pass; PMF – Pinto Mountain Fault; 
BCF – Blue Cut Fault; CF – Chiriaco Fault; SCF – Salton Creek Fault; ECSZ – Eastern 
California Shear Zone; SJF – San Jacinto Fault; EF – Elsinore Fault (after Langenheim 
and Powell, 2009). 
 
Many previous studies of Mecca Hills Fault zone development have focused on the ~4-3 
myr development of localized basins, faults, and folds preserved in the sedimentary 
record (Dibblee, 1954; Hays 1957; Sheridan et al., 1994 a,b; McNabb et al., 2017). Faults 
sub-parallel to the San Andreas in the Mecca Hills cut exposures of crystalline basement 
units in addition to the Pleistocene sedimentary rocks, dividing the range into discrete, 
fault-bounded blocks (Sylvester and Smith, 1976). These crystalline rocks have played a 
key role in the deformation of the Mecca Hills in response to transpression along the 
adjacent San Andreas Fault (Sylvester and Smith, 1976) and shear across the Eastern 
California shear zone (ECSZ) at the eastern margin of the Mecca Hills (Thatcher et al., 
  
3 
2016). Exposures of faulted Precambrian and Cretaceous to Early Eocene basement rock 
in the Mecca Hills may thus preserve a record of San Andreas- and possibly ECSZ- 
related deformation beyond what is preserved in the syntectonic sedimentary rocks. 
 The crystalline basement rocks in the Mecca Hills are comprised of the 
Cretaceous to Early Paleogene Orocopia Schist and a suite Precambrian to Cretaceous 
gneisses, leucogranites, and anorthosite-syenite units. The Orocopia Schist was derived 
from an accretionary prism, where it was metamorphosed and underplated beneath older 
crystalline basement rocks during Farallon flat slab subduction (Graham and England, 
1976; Haxel and Dillon, 1978; Ehlig, 1981; Jacobson, 1983; Jacobson et al., 1988; 
Jacobson, 1990; Jacobson and Dawson, 1995; Jacobson, 1995; Jacobson et al., 1996; 
Oyarzabal et al., 1997; Jacobson et al., 2000; Jacobson et al., 2002; Jacobson et al., 2007; 
Jacobson et al., 2011; Chapman, 2016). The other crystalline basement units exposed in 
the Mecca Hills represent the corresponding upper plate rocks. These crystalline 
basement units (a suite of gneisses, leucogranites, and anorthosites/syenites, hereon 
referred to as the “gneisses”) are also exposed in the Orocopia Mountains where their 
thermal and kinematic histories have been studied in detail (Jacobson, 1990; Oyarzbal et 
al., 1997; Jacobson et al., 2007). Previous thermochronometry in the Orocopia Mountains 
documents two phases of rapid cooling in the Orocopia Schist and gneisses: the first 
around ~52-50 Ma and the second between ~24-22 Ma (Jacobson et al., 2007). The Late 
Oligocene-Early Miocene phase of rapid cooling is attributed to exhumational cooling of 
the basement complex from slip on the Orocopia Mountains Detachment Fault, which 
serves as the contact between the gneisses and the Orocopia Schist (Jacobson et al., 
2007). The 40Ar/39Ar data from the Mecca Hills are few, but they suggest crystalline 
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basement rocks in the Mecca Hills were broadly subjected to a similar time temperature 
history as the rocks in the Orocopia Mountains (Jacobson et al., 2007). However, more 
data are required to fully evaluate whether the time temperature history of the Orocopia 
Mountains crystalline basement rocks applies to those exposed in the Mecca Hills. Thus, 
exposures of crystalline basement rocks in the Mecca Hills may contain key insight into 
the magnitude and duration of this Late Oligocene-Early Miocene cooling event 
(Jacobson et al., 2007). 
The purpose of this study is to examine the crystalline basement record of 
deformation in the Mecca Hills. We hypothesize that crystalline basement rocks of the 
Mecca Hills preserve a more extensive record of (1) the evolution of SAF-related 
deformation than what has been documented in the sedimentary units, and (2) pre-SAF 
deformation related to exhumation and cooling of the exposed basement terrane from 
depth. We integrate field, microstructural, and geochemical crystalline basement fault 
zone characterization with apatite, zircon, and hematite (U-Th)/He low-temperature 
thermochronometry to place timing constraints on phases of deformation in the Mecca 
Hills and address these hypotheses. Chapter 2 of this thesis examines the record of SAF-
related deformation as recorded in exhumed, crystalline basement-hosted fault zones in 
the Mecca Hills. Data sets presented in this chapter include field observations of 
crystalline basement-hosted fault damage zones, microstructural analyses, and 
geochemical data from fault-related crystalline basement rocks. These data provide the 
context from which to understand and interpret hematite (U-Th)/He dates from hematite-
coated slip surfaces in crystalline basement fault damage zones and apatite (U-Th)/He 
dates acquired from comparatively unaltered crystalline basement samples away from the 
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faults. The results presented in this chapter document Pleistocene phases of punctuated 
deformation, manifested in concomitant fault slip, fluid flow, and hematite mineralization 
in a rapidly and actively exhuming discrete fault block. These interpretations have 
implications for deciphering punctuated deformation phases in strike-slip regimes, 
deformation mechanisms active in other hematite-coated faults, and the ability of low-
temperature thermochronology integrated in a structural context to document 
mineralization and punctuated deformation phases in actively deforming areas. This 
chapter is currently in review at Earth and Planetary Science Letters. 
Chapter 3 of this thesis assesses the spatial extent and magnitude of Late 
Oligocene-Early Miocene exhumation previously reported in the Orocopia Mountains, 
adjacent to the Mecca Hills, as well as the evolving tectonic-lithospheric architecture of 
the crystalline basement terrane in this area. The zircon (U-Th)/He system (zircon He) is 
ideal for addressing these outstanding issues, as the broad temperature sensitivity (20-200 
°C) allows us to evaluate near continuous cooling through the upper ~10 km of the crust. 
Chapter 3 presents a zircon (U-Th)/He dataset which suggests the crystalline basement in 
the Mecca Hills was assembled prior to ~24 Ma when it was rapidly exhumed as a 
coherent structural block. These results have implications for the accumulation and 
annealing of radiation damage in zircon, juxtaposition of basement terranes with separate 
time temperature histories, and the presence of the Orocopia Mountains Detachment 
Fault in the Mecca Hills. Future cathodoluminescence imaging, U-Pb analyses, and 
thermal history models will inform the initiation, duration, and magnitude of Late 
Oligocene-Early Miocene cooling. These analyses and thermal models will be completed  
before a revised version of this chapter is submitted for publication. 
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Chapter 4 presents a summary, key findings, and conclusions from each chapter. 
The thesis concludes with a discussion on addition questions raised throughout the course 
of the research and how those questions might be addressed in future studies. 
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CHAPTER II 
(U-TH)/HE THERMOCHRONOMETRY REVEALS PLEISTOCENE PUNCTUATED  
 
DEFORMATION AND SYNKINEMATIC MINERALIZATION IN  
 
THE MECCA HILLS, SOUTHERNMOST SAN  
 
ANDREAS FAULT ZONE1 
 
 
ABSTRACT 
 
Phases of past, punctuated deformation and synkinematic mineralization in strike-
slip fault systems are challenging to resolve in the rock record. In the Mecca Hills, 
adjacent to the southernmost San Andreas Fault, southern California, faults cut Plio-
Pleistocene sedimentary rocks and underlying crystalline basement, producing active 
deformation and widespread exhumation in the area. We document the spatiotemporal 
patterns of San Andreas Fault-related deformation as recorded in crystalline basement 
rocks of the Mecca Hills with integrated fault microstructural data, geochemical 
observations, and hematite (n = 24) and apatite (n = 44) (U-Th)/He (hematite He and 
apatite He, respectively) thermochronometry data. Reproducible mean hematite He dates 
from minor hematite-coated fault surfaces in the Painted Canyon Fault damage zone 
range from ~0.7-0.4 Ma and are younger than ~1.2 Ma apatite He dates from adjacent 
unaltered crystalline basement host rock. These data reveal concomitant Pleistocene 
pulses of fault slip, fluid flow, and syn-kinematic hematite mineralization. Hematite 
textures, crystal morphology, and hematite He data patterns imply deformation on these 
fault surfaces was accommodated by cyclic crack-seal and creep. Apatite He data from 
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crystalline basement in discrete fault blocks define distinct date-eU patterns suggest 
differential cooling and exhumation across the Mecca Hills. Uniform, ~1.2 Ma apatite He 
dates regardless of eU are exclusively located between the Painted Canyon and Platform 
faults. Outside of this fault block, samples yield individual apatite He dates from ~30-1 
Ma that define a positive apatite He date-eU correlation. These patterns document 
spatially and temporally isolated fault block exhumation, including a shift in the locus of 
transpressional exhumation away from the San Andreas fault ~1.2 Ma. Low-temperature 
thermochronometry of fault rocks thus provide an unprecedented window into distinct 
phases of punctuated deformation, deformation processes in hematite-coated faults, and 
the million-year-scale record of San Andreas Fault-related deformation in the Mecca 
Hills. 
 
2.1. Introduction 
 Establishing the spatiotemporal patterns of deformation in fault systems is critical 
for informing fault zone evolution, geodynamic processes that shape modern fault 
systems, and seismic hazards of active faults (e.g., Fialko, 2006; Dolan et al., 2007; 
Calzolari et al., 2015; Pérouse and Wernicke, 2016). Punctuated vertical deformation 
phases and processes may be a key characteristic of fault zone dynamics in strike-slip 
fault systems, particularly in transpressional regimes (Frost and Rose, 1996; Spotila et al., 
2001; Dolan et al, 2007; Spotila and Dorsey, 2012). In the southernmost San Andreas 
Fault (SAF) system, spatially isolated, extensive, rapid exhumation of discrete fault 
blocks occurs over million-year timescales (e.g., Spotila et al., 2001; Niemi et al., 2013). 
Identifying shorter-duration (105-106 yr) deformation pulses and deformation 
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mechanisms is challenging, but offers the potential to bridge long-term structural and 
geologic histories with geodetic and paleoseismic datasets (Steely et al., 2009; Janecke et 
al., 2011). 
The Mecca Hills are directly adjacent to and northeast of the southernmost SAF. 
Active deformation and exhumation in this area results from transpression on the 
Coachella section of the SAF (Fig. 2-1; Dibblee, 1954; Sylvester and Smith, 1976; 
Bilham and Williams, 1985; Dibblee and Minch, 2008a,b). The geology of the Mecca 
Hills is well established (Hays, 1957; Sylvester and Smith, 1976; Damte, 1997; McNabb 
et al., 2017) and geodetic data constrain the modern-day tectonic configuration and strain 
accommodation patterns (Fialko, 2006; Lindsey and Fialko, 2013; Lindsey et al., 2014). 
However, prior work focused on the Late Pliocene to Pleistocene sedimentary record of 
basin development and deformation in the Mecca Hills (Sylvester and Smith, 1976; 
Sheridan et al., 1994a,b; Damte, 1997; McNabb et al., 2017). A suite of dextral and 
dextral normal faults sub-parallel to the SAF cut Precambrian and Cretaceous crystalline 
basement rocks exposed in the Mecca Hills and the previously-studied sedimentary rocks 
(Fig. 2-1; Sylvester and Smith 1976; Sheridan et al., 1994a; Sheridan et al., 1994b). 
These exhumed fault zones and crystalline basement rocks potentially preserve a critical 
thermal, geochemical, and microstructural record of the spatiotemporal evolution of the 
southernmost SAF system. As such, the Mecca Hills are the ideal location to identify the 
timing and mechanisms of punctuated deformation phases in a transpressional strike-slip 
fault system.  
Low-temperature thermochronometry is sensitive to thermal and mechanical 
processes in the upper crustal portions of fault systems and can provide a window into the 
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Fig. 2-1. Mecca Hills location, geology, and thermochronometry sample localities. White circles and triangles indicate bedrock apatite 
He and hematite slip-surface hematite He samples, respectively. SAF – San Andreas Fault, SCF – Skeleton Canyon Fault, PCF – 
Painted Canyon Fault, PF – Platform Fault, ECF – Eagle Canyon Fault, HSF – Hidden Springs Fault. Geology modified from 
Fattaruso et al., 2014 and McNabb et al., 2017.
12 
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timing, mechanisms, and significance of short-duration (105-106 year) deformation 
phases. In this contribution, we integrate multi-scale fault zone geochemical and 
structural characterization with low-temperature thermochronometry of fault-related 
rocks to present a basement perspective of the deformation history of the Mecca Hills. 
We target the fault-related rocks themselves, acquiring hematite (U-Th)/He (hematite He) 
thermochronometry data from multiple hematite-coated minor slip surfaces in damage 
zones of major faults that cut the crystalline basement rocks in the Mecca Hills. We 
compare these results with apatite (U-Th)/He (apatite He) data from adjacent, 
comparatively unaltered crystalline basement rocks that track cooling and thus 
exhumation patterns related to discrete fault block development in the Mecca Hills. The 
hematite and apatite He data patterns reveal spatially and temporally localized 
Pleistocene phases of syntectonic hematite mineralization in fault damage zones of the 
Mecca Hills crystalline basement during active and rapid fault block exhumation. Our 
data have implications for the evolution of SAF-related structures in the Mecca Hills, 
understanding deformation processes in similar hematite-coated fault systems, and 
evaluating the ability of low-temperature thermochronometry of fault-related rocks to 
record the timing of these vertical deformation phases and fault zone processes. 
 
2.2. Geologic setting 
The San Andreas Fault (SAF), California, is the major fault system that 
accommodates much of the relative transform plate motion between the North American 
and Pacific tectonic plates (e.g., Atwater, 1970; Fialko, 2006). The southernmost SAF 
initiated between ~12-6 Ma (Stock and Hodges, 1989; Fletcher et al., 2004). The recent 
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tectonic history of this region is complex and includes tectonic reorganization and the 
resulting inception of the complementary San Jacinto and Elsinore fault zones ~1.3-1.1 
Ma (Steely et al., 2009; Janecke et al., 2011; Dorsey et al., 2012; Markowski, 2016). The 
southernmost SAF consists of several major strands including the Coachella section of 
the SAF. This fault section extends from the Banning-Mission Creek branch point in the 
northwest to the termination of the SAF fault proper in the Brawley Seismic Zone near 
Bombay Beach (Rogers, 1965; Shearer et al., 2005; Behr et al., 2010). The Coachella 
section has not had a large earthquake rupture in historic time (Sieh, 1986). Geophysical 
and paleoseismological datasets indicate it may be reaching the end of the earthquake 
cycle and is thus due for a potentially catastrophic earthquake (Fialko, 2006; Philibosian 
et al., 2011). 
A ~100 km wide zone of dextral shear, sinistral shear, normal faulting, and 
rotating crustal blocks trending N35oW, known as the Eastern California shear zone 
(ECSZ), was first described by Bird and Rosenstock (1984), Sauber et al. (1986), Dokka 
and Travis (1990a,b), and Savage et al. (1990). Faults of the ECSZ span from the Gulf of 
California, across the Mojave Desert, through the Owens Valley-Death Valley area, and 
into Walker Lane. In the south, the ECSZ merges with the southernmost San Andreas 
Fault zone across a broad and still poorly defined zone west of the Eastern Transverse 
Ranges (Dokka and Travis, 1990a,b; Savage et al., 1990; Reheis and Dixon, 1996; Lee et 
al., 2001; Oskin and Iriondo, 2004; Lease et al., 2009). The zone may persist as south as 
Yuma, Arizona and the Colorado River (Lease et al., 2009; Shelef and Oskin, 2010). The 
ECSZ serves as a kinematic link between the San Andreas Fault and the Basin and Range 
province, accommodating ~6.2-15 mm/yr, or ~15-25% of Pacific-North American Plate 
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Motion (Dokka and Travis, 1990 a,b; Savage et al., 1990; Bennet et al., 2003, Sauber et 
al., 2004; Becker et al., 2005; Faulds et al., 2005; McQuarrie and Wernicke, 2005; Meade 
and Hager, 2005; Oskin et al., 2008; Spinler et al., 2010). Slip transfer across the ECSZ 
accounts for the difference between the relative motion between the Pacific and North 
American plates and the amount of slip accommodated by the San Andreas Fault (Savage 
et al., 1990; Miller et al., 2001; Bennett et al., 2003; Frankel et al., 2007).  
The Mecca Hills lie northeast of the Salton Tough, an elongated depression 
formed from Gulf of California rifting, and the Coachella section of the southernmost 
SAF. This iconic area of the southernmost San Andreas is sandwiched between this major 
transform plate boundary to the west and the ECSZ to the east. At least six major dextral 
and dextral-normal faults cut the rocks in Mecca Hills, dividing the range into three main 
fault blocks (Fig. 2-1; Dibblee, 1954; Sylvester and Smith, 1976; Damte, 1997). These 
structures include, from west to east, the SAF, Skeleton Canyon Fault (SCF), Painted 
Canyon Fault (PCF), Platform Fault (PF), Eagle Canyon Fault (ECF), and Hidden 
Springs Fault (HSF)(Fig. 2-1; Dibblee, 1954; Rogers, 1965; Jennings, 1967; Sylvester 
and Smith, 1976; Dibblee and Minch, 2008 a,b). Faults in the Mecca Hills are high-angle 
structures that exhibit shallowing dips near the surface in a palm tree or flower structure 
(Sylvester and Smith, 1976). This model posits transpressional deformation in the Mecca 
Hills is largely accommodated by cataclastic flow of crystalline basement rocks between 
the SAF main trace and PCF, a discrete structural domain called the Central Block 
(Sylvester and Smith, 1976). The flower structure has been imaged seismically at depth 
(Fuis et al., 2015). This model also implies crystalline basement-hosted fault zones in the 
Mecca Hills preserve a rich record of SAF-related deformation. Sheridan et al. (1994b), 
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however, suggest the basement played a passive role in inward and upward-verging 
“bulge” structures in the Mecca Hills, which accommodated transpression through bed-
parallel slip in the sedimentary units. Recent interpretation of a non-vertical, 60-70° NE-
dipping SAF in this location implies major structures in the Mecca Hills may merge with 
the SAF at depth, forming a suite of exhumed, discrete structural blocks (Lin et al., 2007; 
Fuis et al., 2012; Lin, 2013; Lindsey and Fialko, 2013; Fattaruso et al., 2014). 
Crystalline basement rocks exposed in the Mecca Hills are composed largely of 
Precambrian to Cretaceous gneisses and the Cretaceous/Paleogene Orocopia Schist 
(Dibblee, 1954; Sylvester and Smith, 1976; Jacobson et al., 2007). The Orocopia Schist 
was derived from a greywacke protolith accretionary complex underplated beneath older 
crystalline basement rocks of the North American continent during Farallon flat slab 
subduction (e.g., Graham and England, 1976; Malin et al., 1995; Jacobson et al., 1996; 
Jacobson et al., 2002; Jacobson et al., 2007). The Precambrian and Cretaceous gneisses in 
the Mecca Hills are correlated to the resulting upper plate rocks that structurally overlie 
the Orocopia Schist in the nearby Orocopia and Chocolate Mountains (Jacobson et al., 
2007). Previous thermochronology investigation of the Orocopia Schist and upper plate 
rocks in the Orocopia Mountains indicate this basement complex was rapidly exhumed to 
shallow crustal depths (~4-5 km) by extensional detachment faulting ~24-22 Ma 
(Jacobson, 1990; Jacobson et al., 2007). Published apatite He and apatite fission-track 
thermochronometry data from exhumed terranes adjacent to the southern SAF vary from 
~1-60 Ma, with the youngest dates localized adjacent to major structures (Spotila et al., 
2007 and references there in). 
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2.3. Low-temperature thermochronometry of fault-related rocks 
Hematite and apatite (U-Th)/He (hematite He and apatite He, respectively) 
thermochronometry have the potential to resolve the timing of fault zone processes. 
Hematite commonly occurs in polycrystalline aggregates and exhibits poly-domain He 
diffusion behavior (Farley and Flowers, 2012; Evenson et al., 2014). Individual 
crystallites are the likely He diffusion domains and the hematite He temperature 
sensitivity increases with domain (grain) size. The hematite He closure temperature is 
~25-250 °C (10 °C/Myr cooling rate) and this range is a function of the aliquot domain 
(grain) size distribution and cooling rate (Bähr et al., 1994; Farley and Flowers, 2012; 
Evenson et al., 2014). Hematite He dating has been successfully applied to botryoidal and 
specular hematite to constrain deformation, hydrothermal, and diagenetic histories in a 
variety of settings (Wernicke and Lippolt, 1993; Farley and Flowers, 2012; Evenson et 
al., 2014; Reiners et al., 2014; Farley and McKeon, 2015; Ault et al., 2015; Ault et al., 
2016).  
Hematite He dates from fault surfaces may record different thermomechanical 
processes, depending on the conditions of hematite formation and the post-formation 
thermal and grain-size evolution history (Ault et al., 2015). Hematite He dates from 
hematite that forms above its nominal closure temperature may record cooling due to 
subsequent tectonic or erosional exhumation (Evenson et al., 2014). Alternatively, 
hematite that forms and remains below its closure temperature will record the timing of 
hematite formation (Ault et al., 2016). Post-formation reheating due to regional burial, 
fault slip, or hot fluids circulating in fault zone may induce He loss. Hematite that 
experiences He loss due to reheating from either localized fault slip or thermal fluid 
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circulation at ambient conditions lower than its nominal closure temperature will record 
the timing of these processes (Ault et al., 2015, 2016). 
Owing to these complexities and potential grain size redistribution during 
cataclasis, accurate interpretation of hematite He data from fault surfaces requires 
information on hematite aliquot grain size distribution, textural characterization, and 
constraints on post-hematite formation ambient thermal conditions. We use scanning 
electron microscopy (SEM) imaging of representative aliquots to characterize the grain 
size distribution in dated hematite samples and document hematite slip surface textures at 
the micro- to nano-scales. These data help bracket the range of permissible closure 
temperatures and identify any post-formation thermomechanical alteration or grain size 
reduction that would reduce the closure temperature or induce He loss in dated hematite 
aliquots.  
To reconstruct the ambient low-temperature thermal history and therefore 
establish a benchmark to compare and interpret the hematite He data, we acquired a 
separate apatite (U-Th)/He data from comparatively unaltered crystalline basement 
protolith adjacent to our hematite slip surface samples. The apatite He system is sensitive 
to temperatures of ~30-90 °C, depending on the accumulation of radiation damage in the 
apatite crystal (Shuster and Farley, 2009; Flowers et al., 2009; Gautheron et al., 2009). 
Accumulation of radiation damage increases apatite He retentivity and the annealing of 
radiation damage reduces it (Shuster et al., 2006; Shuster and Farley, 2009; Flowers et 
al., 2009). For some thermal histories, the radiation damage effect causes apatite grains 
with a range of effective U concentrations (eU – the proxy for radiation damage, which 
weights the decay of U and Th concentrations as U + 0.235*Th) to develop closure 
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temperatures that vary by several tens of degrees (Flowers et al., 2009). This predicts 
positive correlations between apatite He date and eU now documented in numerous 
datasets (e.g., Flowers, 2009; Ault et al., 2009; Ault et al., 2013; Murray et al., 2016). 
These correlations develop for thermal histories characterized by protracted cooling, 
residence in the apatite He partial retention zone, and/or partial He loss during reheating 
due to reburial. Thermal histories characterized by rapid cooling inhibit damage 
accumulation and thus He diffusivity and closure temperature from diverging between 
low eU and high eU grains. This yields uniform apatite He dates over a range in eU. The 
presence or absence of apatite He date-eU correlations can thus provide important 
information on low-temperature thermal histories. 
 
2.4. Damage zone fault rock characterization 
 We examine fault-related rocks in the Mecca Hills with a range of field, imaging, 
and geochemical methods to determine the deformation processes active in the crystalline 
basement fault damage zones. These data provide the context from which to interpret our 
low-temperature thermochronometry dataset of these fault-related rocks. We focus on 
results from the Painted Canyon Fault. Results for other fault damage zones are broadly 
comparable and we note and discuss features in other faults when appropriate. Details 
regarding sample preparation and methods for each analytical dataset are provided in the 
appendices. 
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2.4.1. Outcrop scale and field observations 
The Painted Canyon Fault zone is composed of multiple fault strands, some with 
well-developed gouge zones that range from ~30-65 cm wide in the crystalline basement 
and ~6-16 cm wide where strands cut the sedimentary fault-related rocks (Fig. 2-2A).  
The damage zone of the PCF can be up to ~1 km wide (Sylvester and Smith, 1976) and in 
many places the fault-related rocks are so fractured and altered that distinct principal slip 
surfaces are not identifiable. Other outcrop-scale features of the PCF include layered clay 
gouge zones, thin, delicate clay-coated slip surfaces, and foliated cataclasite (Fig. 2-2B-
D). These distinctive fault elements are common in the other major fault zones in the 
Mecca Hills (Fig. A.1.). Additional structural data from fault damage zones can be found 
in Tables A.1., A.2., and A.3., as well as Figure A.2. 
Metallic, moderately reflective, red to blue, minor hematite-coated slip surfaces 
are common in the PCF and other damage zones developed in crystalline basement rocks 
of the Mecca Hills (Fig. 2-3A). Hematite-coatings on these rough and uneven surfaces 
are striated and lack iridescent patches previously documented on mirrored hematite-
coated slip surfaces observed within other fault systems (Evans et al., 2014; Ault et al., 
2015). Hematite-coated slip surfaces developed in crystalline basement of the PCF 
damage zone dominantly strike NNW to WNW and steeply dipping, consistent with the 
orientation of the main PCF structure in outcrop (Figs. 2-1, 2-3B).  
 
2.4.2. Microstructural observations  
Neo-formed hematite, quartz, calcite, and ferroan dolomite are present in fault-
related rocks developed from crystalline basement (Fig. 2-4). Hematite occurs with meso- 
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Fig. 2-2. Outcrop photos of the Painted Canyon Fault zone. (A) Panorama of part of geochemical sampling transect across the PCF. 
Right-lateral, strike-slip fault traces indicated with heavy bold lines. Expression of these fault traces in outcrop may not match 
orientation of PCF at depth. Scale corresponds to distances plotted in Figure 2-5. (B-D) Fault-related rock examples from PCF. (B) 
Layered clay-rich fault gouge. Each of three colored layers has a distinct geochemical composition. (C) Delicate clay slip surface.  
(D) Foliated cataclasite. 21 
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Fig. 2-3. Hematite slip surfaces from the Painted Canyon Fault damage zone. (A) Field 
photograph of metallic luster, hematite-coated slip surface sampled for hematite (U-
Th)/He analysis. (B) Poles to planes of 59 minor hematite fault orientations with KAMB 
contours. Measured main trace of the PCF in outcrop plotted as a plane for reference. 
 
to microscopic cataclastic textures (PCF and PF), as stylolites (PCF), and as m-wide 
seams in calcite veins (PCF; Fig. 2-4A, C-D). Hematite-coated slip surfaces are 
brecciated and interlayered with blocky and deformed calcite (PCF and PF, Fig. 2-4G). 
Fragments of brecciated host rock are suspended in euhedral quartz veins (PCF, Fig. 2-
4B). Calcite veins almost universally cross cut all other features in the PCF fault rocks 
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Fig. 2-4. Thin section photomicrographs from Mecca Hills fault-related rocks. (A-C) PCF damage zone fault rocks. (A) Hematite-
mineralized cataclasis (plane-polarized light). (B) Matrix-supported, brecciated host rock within a euhedral quartz (qtz) vein (plane-
polarized light). (C) Hematite (hem)-lined calcite (cc) vein cut by a stylolite (cross-polarized light). (D, E) PF-related rocks showing 
(D) hematite-mineralized cataclasis (plane-polarized light) and (E) calcite matrix-supported brecciated feldspar clast (cross-polarized 
light). (F) Euhedral ferroan dolomite in the ECF core (plane-polarized light). (G) Hematite-coated slip surface thin section 
photomosaic (transmitted cross-polarized and reflected light) from the PCF damage zone showing interlayered hematite and calcite. 23 
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 (Fig. 2-4C). Calcite also infills cataclastic fragments similar in texture to crackle-mosaic 
breccias (PF; Fig. 2-4D, E; Woodcock and Mort, 2008). Euhedral ferroan dolomite is 
concentrated in the core of the ECF (Fig. 2- 4F). Additional thin photomicrographs of 
fault-related rocks are provided in Appendix A (Figs. A.3.-A.6.). 
 
2.4.3. Fault rock geochemistry 
 We analyzed 12 samples of crystalline basement and three sedimentary fault-
altered rocks from the PCF using X-ray fluorescence (XRF) and X-ray diffraction 
(XRD). The CaO, FeO, MgO, and MnO values are consistently enriched in the fault 
rocks (e.g., gouge zones and fractured bedrock) when compared to the unaltered host 
rock geochemical composition (Table A.4.; Fig. 2-5). SiO2 is consistently depleted within 
the PCF when compared to the undeformed host rock (Table A.4.; Fig. 2-5). Common 
alteration minerals in the fault zones include calcite, clays (palygorskite, smectite, illite), 
and several varieties of zeolites (Table A.5.). Similar data patterns are present in the PF, 
ECF, and HSF fault rock geochemistry datasets, although less consistent in the PF 
damage zone (Table A.4). 
 
2.5. Low-temperature thermochronometry data 
2.5.1. Hematite textures and grain size distribution 
 We analyzed four individual hematite-coated fault surfaces from the PCF damage 
zone and one hematite-coated fault surface from the PF damage zone (Figs. A.7., A.8). 
Slip surfaces from the PCF damage zone are separated by no more than ~3 m in the field. 
We acquired secondary electron and back-scatter electron SEM images from 
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Fig. 2-5. X-ray fluorescence data from the Painted Canyon Fault geochemical transect. 
Data normalized with respect to comparatively unaltered host rock. Red squares are 
enrichment in CaO, FeO, MgO, or MnO in each fault rock sample when compared to the 
value in the host rock. Blue data points represent the relative depletion in SiO2 in each 
fault rock sample when compared to the host rock value. Y-axis is logarithmic and shows 
the relative magnitude of oxides when normalized to protolith values (i.e. 10 = 10x 
greater in fault rocks than in protolith). The x-axis corresponds to the scale in Figure 2-
2A. 
 
representative hematite aliquots from each sample to quantify the grain-size distribution 
and textures in correlative dated aliquots (Figs. 2-6, A.9.-A.14.). Aliquots were mounted 
in epoxy and imaged in cross-section under high vacuum. Additional sample preparation 
notes, SEM instrument operating conditions, and the grain measurement approach using 
Image-J are reported in Appendix A.  
Hematite crystal morphology and textures from aliquots for all five samples are 
similar (Fig. 2-6). Hematite-coated fault surfaces comprise densely stacked, undulate, 
hematite platelets that form an anastomosing pattern (Fig. 2-6). Mean hematite plate half-
width is consistent within and between samples, ranging from 14.1 nm to 18.3 nm (Table  
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Fig. 2-6. Representative scanning electron microscopy images from each of the four hematite-coated slip surfaces dated from the 
Painted Canyon Fault damage zone. Magnification increases from left to right. (A-C) PCF-28. (D-F) PCF-29. (G-I) PCF-30. (J-L) 
PCF-36. Note the similarity to scaly fabrics and the anastomosing pattern of hematite plates. 
27 
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A.6.). These half-widths correspond to a hematite He closure temperature of ~61-64 °C, 
assuming an activation energy of ~147.5 kJ/mol, D0 of 2.2x10-4 cm2/s, and 10 °C/Ma 
cooling rate (Evenson et al., 2014). This range overlaps the nominal apatite He closure 
temperature in rapidly cooled rocks (i.e., ~62 °C for 10 °C/Ma cooling rate; Flowers et 
al., 2009). 
2.5.2. Fault Hematite and Bedrock Apatite (U-Th)/He Thermochronometry 
We report hematite He data for 24 individual aliquots from four hematite-coated 
slip surfaces in the PCF damage zone (PCF-28, PCF-29, PCF-30, PCF-36) and one 
hematite-coated slip surface in PF basement damage zone (PFS2-03). Hematite fault 
surface samples were extracted by hand using fine point tweezers and selected to avoid 
interstitial phases (e.g., calcite, quartz). Specimens from a given fault surface were 
broken into four replicate aliquots for analysis. We sampled PCF-36 in two separate areas 
of the fault surface. Hematite aliquots were analyzed for U, Th, and He at the Arizona 
Radiogenic Helium Dating Laboratory at the University of Arizona (see Appendix 1 for 
detailed analytical methods). Mean hematite He dates from the PCF damage zone range 
from 0.4 ± 0.1 Ma to 0.7 ± 0.1 Ma (mean ± 1! standard deviation; Table A.7.; Fig. 2-7). 
Sample PFS2 yields a mean hematite He date of 0.6 ± 0.1 Ma.  
We acquired 44 individual apatite He analyses from eight comparatively unaltered 
crystalline basement bedrock samples. Most samples broadly define a WSW to ENE 
transect across the Mecca Hills with additional off-transect samples to the NW and SE. 
Samples were collected from ~1-15 m beneath a preserved unconformity with the 
sedimentary rock cover. These data serve as a regional cooling benchmark to compare 
with and interpret the fault hematite He data and to evaluate differential cooling and  
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Fig. 2-7. Hematite and apatite (U-Th)/He data. (A) All individual bedrock apatite He and 
fault hematite He dates plotted with 2! analytical uncertainty. (B) Individual bedrock 
apatite He dates versus apatite eU concentration plotted with 2! analytical uncertainty. 
Red shading denotes apatite He group 1. Gray shading denotes apatite He groups 2 and 3. 
See text for details on apatite He data pattern grouping. (C) Individual bedrock apatite He 
and fault hematite He dates from the PCF. 
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unroofing related to discrete fault block development and exhumation in the Mecca Hills. 
Whole, pristine apatite crystals were selected to avoid cracks, inclusions, and iron-oxide 
grain coatings. Apatite He analyses occurred at the Arizona Radiogenic Helium Dating 
Laboratory and detailed methods are provided in Appendix 1. 
Apatite He data fall into three groups defined by different apatite He date-eU 
relationships (Table A.8.; Fig. 2-7B). The standard deviation is >20% for each sample, 
therefore we report the range of individual dates with their 2! analytical uncertainty 
within each category. Group 1 is comprised of samples PCFS6, MHS1, and PFS2. These 
samples yield young and uniform individual dates between 0.8 ± 0.3 Ma to 1.7 ± 0.3 Ma 
(excluding one PCFS6 outlier analysis at 12.8 ± 1.4 Ma) over a range of eU between 2 – 
26 ppm. Group 2 includes samples PCF-15, ECF-11, HSFS2, and LBC17 with individual 
dates ranging from 1.0 ± 0.2 Ma to 29.4 ± 0.9 Ma. These data are characterized by a 
positive apatite He date-eU correlation over an eU range of 1 – 85 ppm and older dates (> 
2.9 Ma) at low (1 – 7 ppm) eU values. Group 3 consists of a single sample with five 
individual analyses, TC-19, which yield individual dates ranging from 6.7 ± 1.6 Ma to 
14.7 ± 2.6 Ma over a low (1-5 ppm) range in eU. 
We observe four distinct patterns in the hematite He and apatite He data. First, the 
PCF hematite He dates are consistently younger (outside 2! analytical uncertainty) than 
the corresponding apatite He dates from adjacent unaltered bedrock (Fig. 2-7C). These 
hematite He dates are also younger than the entire apatite He dataset (Fig. 2-7A). A 
similar data pattern exists for the PF samples; however, the fault hematite He and 
bedrock apatite He dates overlap within 2! analytical uncertainty (Fig. 2-7A). Second, all 
  
30 
hematite He dates are reproducible at the sample level and hematite He data from two 
different locations on the same fault surface overlap (PCF-36 H1-H4 vs. H5-H7; Fig. 2-
7A, C). Third, PCF hematite He mean dates are different between some fault surfaces 
(Fig. 2-7C). Finally, young and uniform apatite He dates (Group 1) are exclusively 
located between the PCF and PF, in the western portion of the Platform Block (Table 
A.8.; Figs. 2-7A, 2-8). 
 
2.6. Discussion 
2.6.1. Pleistocene syn-kinematic hematite mineralization 
 Mineralogic and whole-rock geochemistry data from the Mecca Hills fault rocks 
are consistent with extensive metasomatism in the Mecca Hills basement fault damage 
zones, which resulted in neoformed hematite and zeolite mineral growth within the PCF 
damage zone and removal of silica in the PCF damage zone. This observation is 
consistent with previous studies that attribute zeolite growth and silica loss in other fault 
systems and geologic settings to hydrothermal fluid circulation (Humphris and 
Thompson, 1978; Goddard and Evans, 1995; Utada, 2001). In thin section, host rock 
fragments are suspended in quartz and calcite veins (Fig. 2-4), implying mineralization 
may have occurred rapidly and concurrently with fault slip (e.g., Sibson et al., 1975; 
Sibson 1987). 
Hematite micro- to nano-scale textures and crystal morphology imply syn-
kinematic hematite mineralization occurred on minor slip surfaces within fault damage 
zones that developed in crystalline basement rocks. Textures differ at different scales of 
observation and provide insight into different, but complementary deformation processes. 
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At the thin section-scale, the hematite coatings are interlayered with blocky and deformed 
calcite, with hematite occurring along internal principal slips surfaces (Fig. 2-4G). These 
textural associations imply hematite and calcite broadly precipitated syn-kinematically, 
possibly as a repeated crack-seal mechanism, over multiple slip events.  
Micro- to nano-scale SEM imagery documents non-comminuted, stacked, 
hematite plates in an anastomosing or undulatory pattern at fault surfaces (Fig. 2-6). We 
do not observe textural evidence for elevated fault surface temperatures such as the 
polygonal grains documented on planar, high-gloss, hematite fault “mirrors” attributed to 
friction-generated flash heating at asperity contacts (Ault et al., 2015). Our observed 
textures imply hematite-coated slip surfaces in the PCF damage zone did not experience 
significant post-formation textural changes or recrystallization. We suggest our fault 
hematite He data do not record shear heating events associated with coseismic slip on 
these surfaces. 
We interpret the fault surface hematite He dates to record episodes of 
synkinematic hematite mineralization in the PCF damage zone between ~0.7 and 0.4 Ma. 
Hematite and apatite He data patterns provide multiple lines of support for this 
interpretation. First, hematite He dates from the PCF fault surfaces are consistently 
younger than apatite He data from the adjacent, unaltered crystalline bedrock and 
spatially-broader apatite He dataset, despite the similar calculated effective closure 
temperatures of the two systems (Fig. 2-7A, C). The range in hematite grain size for each 
of the four dated slip surfaces corresponds to a uniform hematite He closure temperature 
of ~61-64 °C, similar to the apatite He closure temperature. If the hematite on these fault 
surfaces formed at depth and thus temperature greater than the nominal hematite He 
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closure temperature and later cooled due to erosion or tectonic exhumation, then the 
hematite and apatite He dates would overlap. 
Second, the intrasample reproducibility of hematite He dates and similar hematite 
He dates from different locations on the same surface further indicates these dates are 
formation ages. Dated hematite aliquots from sample PCF-36 were extracted from two 
separate locales on this fault surface and yield reproducible dates (Table A.7., Figure 2-2, 
aliquots H1-4 vs. H5-9). Fault slip may induce localized friction-generated heat, resulting 
in differential He loss across a fault surface, different hematite He dates between aliquots, 
and different mean dates from two localities on the same fault surface (Ault et al., 2015). 
In the absence of localized heat and/or disparate grain-size distribution consistent with 
textural observations, hematite He dates from aliquots on a single fault surface that 
document hematite formation are anticipated to be uniform. 
Third, mean hematite He dates differ between some separate individual fault 
surfaces separated in the field by up to a meter (e.g., PCF-28 and PCF-29; Fig. 2-7C). 
Hematite grain size, and therefore hematite He closure temperature, is broadly uniform 
and consistent between each of the dated fault surfaces. Cooling due to exhumation 
would result in synchronous passage of each hematite aggregate through its closure 
temperature and yield uniform dates between each of the four individual fault surfaces 
dated from the PCF damage zone, assuming these minor fault surfaces broadly 
correspond to the same structural depth. Disparate dates between different hematite fault 
surfaces with overlapping closure temperatures would require untenable ambient 
geothermal gradient differences if the dates were a result of exhumational cooling. We 
suggest discrete hematite mineralization events below the corresponding hematite He 
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closure temperature are responsible for disparate hematite He dates between fault 
surfaces. 
The geochemical, microstructural, and thermochronology data collectively reveal 
late Pleistocene phases of concomitant fault slip, fluid flow, and hematite mineralization 
in the PCF damage zone. This interpretation does not preclude subsequent slip on these 
hematite-coated slip surfaces after hematite formation. However, at the nano-scale, 
hematite platelets are non-brecciated. This implies subsequent slip on hematite-coated 
slip surfaces in the PCF zone was not significant. The SEM analyses indicate there has 
not been enough post-formation thermal and/or mechanical modification after hematite 
formation to induce substantive He loss, thereby impacting the hematite He formation 
age. 
 
2.6.2. Locus of Pleistocene exhumation 
 Our apatite He data document rapid exhumation of a discrete structural block in 
the geographic center of the Mecca Hills at ~1.2 Ma. Host rock samples from the western 
~1-2 km a structural domain called the Platform Block between the PCF and PF zones 
(PCFS6, MHS1, and PFS2 – Group 1) yield a distinct date-eU pattern of young and 
uniform ~1.2 Ma apatite He dates over a range in eU when compared with Group 2 and 
Group 3 samples (Fig. 2-7B). Uniform apatite He dates regardless of eU within the 
Platform Block imply this area (1) cooled rapidly to within ~1 km of the surface by ~1.2 
Ma and (2) had a separate time-temperature history than other fault-bounded blocks 
within the Mecca Hills. Bedrock apatite He data patterns from outside the westernmost 
Platform Block show a combination of a positive date-eU correlation and scattered dates 
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at low eU values. We interpret the positive date-eU correlation defined by Group 2 
samples HSFS2, LBC-17, ECF-11, and PCF-15 with an 85 ppm eU span to result from 
slower cooling of these rocks between ~25-1 Ma or partial resetting of apatite He dates as 
a result of Quaternary burial beneath sediments. Scattered, anomalously old dates from 
grains with low eU (< 7 ppm) likely reflects He implantation from U and Th-rich phases 
(e.g., Fe-oxide) at apatite grain boundaries that are no longer preserved (Murray et al., 
2014). Low eU grains are particularly susceptible to this phenomenon, as the ratio of 
parent to daughter nuclides is more readily affected when parent concentrations are low 
(Murray et al., 2014). 
We interpret the ~1.2 Ma rapid cooling signature between the PCF and PF as 
tectonic exhumation of a discrete structural block rather than the thermal signature of 
localized hydrothermal fluid flow or reburial beneath sedimentary cover (Fig. 2-8; Forster 
and Evans, 1991; Lopez and Smith, 1995; Ault et al., 2009). Our bedrock apatite He 
samples were collected from comparatively pristine crystalline basement, several meters 
away from the fault cores of the Mecca Hills basement structures. Although we cannot 
completely rule out the combined or exclusive effects of hydrothermal fluids on our 
apatite He date-eU patterns in the Platform Block, evidence for hydrothermal alteration is 
ubiquitous throughout the Mecca Hills crystalline basement. This is inconsistent with an 
elevated geothermal gradient localized solely between the PCF and PF. Further, eight 
hundred meters of strata currently lie above the preserved basement-sedimentary rock 
unconformity in the Platform Block (Fig. 2-8; McNabb et al., 2017). Burial must have 
occurred following unroofing that created this unconformity ≥ 1.2 Ma. However, the 
uniform date-eU pattern in Group 1 samples indicate this reburial did not affect the 
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Fig. 2-8. Spatial distribution of apatite (U-Th)/He and hematite (U-Th)/He dates in the 
Mecca Hills. ApHe – apatite (U-Th)/He date; HmHe – hematite (U-Th)/He date. Other 
abbreviations, symbols, and map units are the same as Figure 2-1. (A) Apatite He and 
hematite He dates plotted by sample locality. Dates are reported as the range of 
individual dates from each sample. Apatite He dates between the PCF and PF (red 
bullseye) are young and uniform regardless of eU concentration. We interpret these 
young and uniform dates to represent rapid cooling of this structural block ~1.2 Ma 
(indicated by red bullseye). (B) Cross-section from A to A’ after McNabb et al., 2017. 
Our data document rapid exhumation between the PCF and PF ~1.2 Ma. This requires 
differential exhumation between the Central Block and Platform Block with the Platform 
Block moving up with respect to the Central Block. Notice, however, that current 
structural configurations in the Mecca Hills require that the most recent motion on the 
PCF places the Central Block up with respect to the Platform Block. This requires that 
the PCF has accommodated opposing senses of motion throughout its history. 
  
36 
apatite He dates within the Platform Block.  
The apatite He data indicate crystalline basement rocks currently exposed in the 
Mecca Hills passed through the ~60 °C geotherm at ~1.2 Ma. Assuming an elevated 
geothermal gradient of at least 35 °C/km and a surface temperature of 10 °C, this gives a 
maximum tectonic exhumation rate of ~1.2 km/myr. This is on par with previously 
calculated tectonic exhumation rates based on stratigraphic relationships in the Mecca 
Hills (Gray et al., 2014). 
Our younger, uniform apatite He dates in the westernmost Platform Block when 
compared to the data from the Central Block (TC-19, PCF-15) indicate differential 
exhumation occurred between these domains at ~1.2 Ma. Based on our data, the 
westernmost Platform Block moved upwards relative to the Central Block (Fig. 2-8). This 
is unexpected as the current structural relationships indicate the Central Block, west of 
the PCF, has been faulted upwards with respect to the Platform Block (Fig. 2-8; Sylvester 
and Smith, 1976; McNabb et al., 2017). Assuming the PCF actively accommodated 
deformation for >1.2 Ma, our apatite He data require opposing senses of vertical motion 
on the PCF over at least the last ~1.2 Ma. This interpretation is consistent with previously 
documented localized basin development in the Central Block (McNabb et al., 2017) and 
suggests that preserved, intense folding in the Central Block may have occurred post-1.2 
Ma as well. Our results also imply that the current complex structural geometries 
observed in the Painted Canyon area (Sylvester and Smith, 1976) likely developed in the 
last 1.2 Ma, when basement rocks were at depths shallower than the apatite He closure 
isotherm (Fig. 2-8). Prior work suggests that deformation in the Mecca Hills is 
concentrated between the SAF and PCF (Sylvester and Smith, 1976). However, our data 
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imply exhumation was concentrated ~2.5 to 4 km northeast of the main SAF at ~1.2 Ma. 
This 1.2 Ma phase of off-SAF exhumation does not preclude continued strike-slip 
deformation along the main trace of the SAF during this time. 
 
2.6.3. Implications for evolution of southernmost San Andreas Fault 
 Young and uniform apatite He dates between the PCF and PF also overlap in 
space with phases of hematite mineralization that occurred between ~0.7-0.4 Ma. Thus, 
our hematite and apatite He thermochronometry data reveal previously unreported 
discrete, punctuated deformation phases and processes within the central Mecca Hills and 
PCF damage zone in the ≤1.2 Ma time window. Localized exhumation to ~60 °C by ~1.2 
Ma was followed by on-going deformation and syn-kinematic mineralization preserved 
on minor faults in the PCF damage zone as this fault block continued to exhume to the 
surface. These localized in space and short-lived in time deformation phases inform the 
punctuated deformation interpretation. We also document fluid-fault interactions off the 
main trace of the SAF with fault-associated mineralization ~2.5 km NE of the SAF 
between ~0.7-0.4 Ma. Collectively, these datasets indicate that recent off-SAF 
exhumation, alteration, and fault slip was likely significant in the evolution of the Mecca 
Hills. The data presented herein do not record a tectonic signature of the ECSZ due to the 
PCF-focused data set and the time period captured by the data. 
Punctuated deformation phases are posited in transpressional regimes adjacent to 
strike-slip faults (Spotila and Dorsey, 2012). The southernmost SAF is a dynamic system 
with a rapidly evolving tectonic architecture where fault blocks and basins are buried, 
tilted, exhumed, and eroded in relatively short durations of geologic time (Kirby et al., 
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2007; Janecke et al., 2011; Dorsey et al., 2012; Gray et al., 2014; Markowski, 2016). 
Tectonic reorganization of the southernmost SAF system may have occurred between 
~1.3-1.1 Ma, when sections of the Elsinore Fault, San Jacinto Fault, San Felipe Fault, and 
other southernmost SAF sections initiated (Steely et al., 2009; Janecke et al., 2011; 
Dorsey et al., 2012). These tectonic reorganizations are characterized by deposition of 
sedimentary rocks over a broad area followed by rapid, significant, and localized 
deformation (Steely et al., 2009; Janecke et al., 2011; Dorsey et al., 2012). Our 
documented rapid, spatially-isolated cooling and a shift in exhumation away from the 
main trace of the SAF at ~1.2 Ma in the Mecca Hills supports prior hypotheses of 
punctuated deformation phases and is consistent with the deformation style of tectonic 
reorganization. It also suggests the posited ~1.3-1.1 Ma tectonic reorganization manifests 
over a broader area of the southern SAF than previously documented (Janecke et al., 
2011; Dorsey et al., 2012). Temporal overlap between exhumation of the westernmost 
Platform Block of the Mecca Hills with the timing of tectonic reorganization implies the 
redistribution of deformation along sub-parallel damage zones may be an important 
mechanism accommodating punctuated deformation phases, however, additional data is 
required to evaluate this. We note that our dense apatite He dataset and consideration of 
associated apatite He date-eU patterns indicate thermochronometry and radiation damage 
effects can be exploited to resolve distinct phases of deformation and not just long-term 
exhumation in transpressional settings.  
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2.6.4. Implications for other hematite-bearing faults 
 The workflow presented herein has allowed us to document not only the timing of 
fault zone processes operating in an active, seismogenic strike-slip fault system, but also 
the nature of the processes themselves. Hematite is common in fault zones and its diverse 
textures and crystal morphologies reflect the conditions of hematite formation and post-
formation deformation. For example, polygonal hematite crystals on mirrored fault 
surfaces may reflect recrystallization/annealing and/or sintering due to asperity flash 
heating on thin slip surfaces (Ault et al., 2015). We document textures associated with 
syn-kinematic mineralization in metallic, striated or “burnished” hematite surfaces. The 
appearance of the PCF damage zone fault surfaces is common in other faults, suggesting 
these textures, and associated deformation processes, may be operative in other hematite-
coated fault systems.  
Hematite-coated slip surfaces in the Mecca Hills basement damage zones preserve 
textures remarkably similar to scaly clay fabrics (Vannucchi et al., 2003). The SEM 
imaging reveals scaly-type fabrics and anastomosing hematite slip surfaces at the micro- 
and nano- scale (Figs. 2-6, A.9.-A.14.). Recent analog modeling shows that scaly fabrics 
in fault zones continuously redistribute slip, creating anastomosing slip surfaces that 
prevent the formation and evolution of an individual, principal slip surface (Tarling and 
Rowe, 2016). This model is consistent with the idea that scaly fabrics and other similar 
textures may promote creep processes in faults. Core studies from the San Andreas Fault 
Observatory at Depth (SAFOD) document scaly fabrics in a known creeping section of 
the SAF (Bradbury et al., 2011). Further, at the nano-scale, hematite platelets are not 
brecciated. This is consistent hematite plate boundary sliding being the dominant 
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deformation process at the nano-scale. We therefore suggest hematite crystal networks 
also continuously redistribute slip, possibly promoting creep processes. Mecca Hills 
hematite “scaly-fabrics” are associated with crack-seal textures at the thin-section scale. 
Deformation on the Mecca Hills minor hematite-coated faults may be intermittently 
accommodated by crack-seal mechanisms, followed by sliding along hematite grain 
boundaries during the interseismic period. These crack-seal deformation mechanisms 
may be related to earthquakes or aseismic fluid pressurization (Ramsay, 1980; Laubauch 
et al., 2004). Further, the undeformed hematite platelets at the nano-scale suggests that 
the nature of hematite mineralization and emplacement allows the preservation of 
hematite plates at the nano scale (Fig. 2-6).  
A challenge of applying hematite He thermochronometry to document the timing 
of active brittle deformation on discrete fault surface is that deformation processes of 
these minor slip surfaces are commonly synchronous with exhumation. The thermal 
signals captured by this system may reflect exhumational (ambient) cooling, fault 
process-related thermal signatures, or both. Our results demonstrate the utility of the 
hematite He data, in conjunction with microscopy and ambient cooling data (here apatite 
He), to constrain mineralization resulting from deformation in actively exhuming 
terranes. We suggest the hematite He thermochronometry method is potentially 
applicable to resolving the timing and processes operative in other actively exhuming 
fault zones where hematite-coated faults are present. However, successful application of 
this method requires detailed information about hematite grains size distributions, 
hematite textural evolution, and constraints on the ambient cooling history from apatite 
He thermochronometry. 
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2.7. Conclusion  
 Hematite He and apatite He data patterns together with the geochemical, micro-, 
and nano-scale evidence for syn-kinematic hematite mineralization imply late Pleistocene 
phases of concomitant fault slip, fluid flow, and mineralization in the Painted Canyon 
Fault zone, Mecca Hills, Southern California. Young and uniform apatite He dates 
regardless of eU between the Painted Canyon and Platform Faults indicate ~1.2 Ma rapid 
exhumation was spatially and temporally isolated within this discrete fault block. These 
data imply the locus of exhumation was localized ~2.5 to 4 km northeast of the main SAF 
trace ~1.2 Ma. This differential exhumation across the Painted Canyon fault zone implies 
this structure has accommodated opposing senses of motion throughout its history, as the 
current field relationships are opposite those required by our thermochronometric data. 
The combination of these interpretations reveals punctuated deformation phases in the 
Mecca Hills via fault block exhumation to ~60 °C by ~1.2 Ma, and on-going deformation 
and syn-kinematic mineralization since that time, as these rocks have continued to move 
towards the surface. 
Our data document evidence for significant off-SAF alteration, exhumation, and 
slip in a section of southern San Andreas Fault system. The ~1.2 Ma deformation 
signature in the Mecca Hills is consistent with previously documented structural and 
tectonic reorganization of the southernmost SAF system at ~1.3-1.1 Ma, including 
inception of the San Jacinto, Elsinore, and San Felipe Faults, and supports the hypothesis 
of punctuated deformation phases in transpression strike-slip regimes. The syn-kinematic 
hematite mineralization documented herein and interpreted intermittent accommodation 
of deformation by crack-seal mechanisms and hematite plate-boundary sliding may be a 
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common process operative in other hematite-coated faults. Our results demonstrate the 
potential of low-temperature thermochronometry of fault-related rocks to constrain the 
timing of damage zone mineralization and punctuated deformation in actively deforming 
terranes. 
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CHAPTER III 
LATE OLIGOCENE-EARLY MIOCENE RAPID EXHUMATION OF THE   
 
OROCOPIA SCHIST TERRANE IN THE MECCA HILLS,  
 
SOUTHERN CALIFORNIA, FROM ZIRCON  
 
(U-TH)/HE THERMOCHRONOMETRY  
 
 
ABSTRACT 
 The Cretaceous-Paleogene Pelona, Orocopia, and Rand (POR) schists are an 
accretionary prism complex that was underplated beneath older, North American 
crystalline basement assemblages during Farallon flat-slab subduction. Previous 
hornblende, muscovite, biotite, and potassium feldspar 40Ar/39Ar data in the Orocopia 
Mountains from the Orocopia Schist and gneissic crystalline basement assemblages (the 
upper plate of the subduction megathrust) document two phases of rapid cooling in the 
Eocene and Late Oligocene-Early Miocene. The duration, magnitude, and spatial extent 
of Late Oligocene-Early Miocene exhumation of the Orocopia Schist, as well as the 
evolving tectonic and lithospheric architecture of the Orocopia Schist and gneiss units 
during this time are poorly constrained. Zircon (U-Th)/He thermochronometry is 
uniquely suited to document near-continuous cooling through the upper ~10 km of the 
crust due to radiation damage control on He retentivity. The Orocopia Schist and gneisses 
are also exposed in the adjacent Mecca Hills, where the exhumation history of these units 
has not been studied in detail. These exposures may provide key insight into the 
unanswered questions of regional Orocopia Schist exhumation. We present 39 individual 
zircon (U-Th)/He dates from the Orocopia Schist and gneisses in the Mecca Hills to 
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constrain the upper crustal thermal histories of these units. Zircon (U-Th)/He dates from 
six samples of Orocopia Schist and gneiss yield a mean date of 24 ± 3.5 Ma (n=32) and 
uniform individual dates over an 89-2946 ppm eU range. One sample has a mean date of 
65.0 ± 5.6 Ma (n=7) and a u-shaped date-eU correlation. Our results are consistent with 
rapid cooling of both the Orocopia Schist and gneisses in the Late Oligocene-Early 
Miocene that has been previously attributed to the Orocopia Mountains Detachment 
Fault. Previous workers have suggested slip on this major detachment structure resulted 
from regional crustal extension due to instability and migration of the Mendocino Triple 
Junction. The migration of the Mendocino Triple Junction may have continued to affect 
the thermal structure of the crust and cooling in the Mecca Hills as deformation 
progressed. The uniform Late Oligocene-Early Miocene cooling history documented by 
our data suggests these units were juxtaposed prior to this time and exhumed as a 
coherent structural block. These interpretations have implications for the location of 
major Late Oligocene-Early Miocene structures in the Mecca Hills and the temperatures 
over which radiation damage is preserved in zircons.  
 
3.1. Introduction 
The Pelona-Orocopia-Rand (POR) Schist complex constitutes one of the most 
widely-studied flat-slab subduction complexes in the world and holds implications for the 
emplacement and exhumation processes of shallow subduction complexes. The Orocopia 
Schist is part of the POR Schist complex that outcrops across southern California and 
southwestern Arizona (Fig. 3-1; Haxel and Dillon, 1978). This Late-Cretaceous Early  
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Figure 3-1. Distribution of the Pelona, Orocopia, and Rand Schists in southern 
California. Gray box shows the area of Figure 3-2. Abbreviations are: SAF – San 
Andreas Fault; GF – Garlock Fault; SJF – San Jacinto Fault; SEM – San Emigdio 
Mountains; RA – Rand Mountains; PR – Portal Ridge; SP – Sierra Pelona; SGM – San 
Gabriel Mountains; MH – Mecca Hills, OM – Orocopia Mountains; CM – Chocolate 
Mountains; GH – Gavilan Hills; NR – Neversweat Ridge; CR – Cemetery Ridge; PM – 
Plomosa Mountains. After Jacobson et al., 2007, Chapman et al., 2011, Haxel et al., 
2015, Chapman, 2016, and Strickland et al., 2017. 
 
Paleogene accretionary complex was underplated beneath older North American 
crystalline basement in the northeast-dipping Farallon shallow subduction zone (Graham 
and England, 1976; Haxel and Dillon, 1978; Ehlig, 1981; Jacobson, 1983; Jacobson et al., 
1988; Jacobson, 1990; Jacobson and Dawson, 1995; Jacobson, 1995; Jacobson et al., 
1996; Oyarzabal et al., 1997; Jacobson et al., 2000; Jacobson et al., 2002; Jacobson et al., 
2007; Jacobson et al., 2011; Chapman, 2016). The POR schists are now exposed beneath 
numerous detachment structures responsible for schist exhumation (Jacobson, 1990; 
Malin et al., 1995; Haxel et al., 2002; Jacobson et al., 2002; Grove et al., 2003; Jacobson 
et al., 2007; Ingersoll et al., 2014). The tectonic and metamorphic processes responsible 
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for schist creation and emplacement are well-established (Yeats, 1968; Crowell, 1968, 
1981; Burchfiel and Davis, 1981; Jacobson et al., 1988, 1996; Malin et al., 1995; Wood 
and Saleeby, 1997). However, the areal extent, magnitude, and thus significance of 
PORschist exhumation as related to the current crustal architecture of southern California 
remain poorly constrained (Jacobson et al., 2002; Jacobson et al., 2007; Chapman et al., 
2010; Chapman et al., 2012; Chapman et al., 2016).  
 In the Orocopia Mountains, exposures of Orocopia Schist and Precambrian to 
Late Cretaceous upper plate rocks (a suite of gneisses, leucogranites, and 
anorthosite/syenite, referred to herein as the “gneisses”) are separated by the Orocopia 
Mountains Detachment Fault (Fig. 3-2; Jacobson, 1990; Jacobson and Dawson, 1995; 
Jacobson et al., 1996; Jacobson et al., 2007). Previous 40Ar/39Ar hornblende, biotite, 
muscovite, and potassium feldspar thermochronology studies in the Orocopia Mountains 
document two phases of rapid cooling in the schist and gneisses during the Eocene, 
shortly after the schist protolith was deposited, and in the Late Oligocene-Early Miocene 
(Jacobson et al., 2007). These cooling signatures are interpreted as major exhumation 
phases of the schist, and reflect ~30-35 km of total unroofing since Late Cretaceous-Early 
Paleogene peak metamorphism (Jacobson et al., 2007). Late Oligocene-Early Miocene 
exhumation of schist and juxtaposition of the schist and gneisses during this period is 
attributed to slip on Orocopia Mountains Detachment Fault (Jacobson et al., 2007).  
 The spatial extent and magnitude of this Middle Cenozoic exhumation phase are 
not well-established. This has implications for establishing the spatial and temporal 
patterns of Orocopia Schist exhumation. Further, it is unclear when the Orocopia Schist 
and gneiss unit began to behave as a coherent structural block. This information is key for  
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Figure 3-2. Geologic map of the Orocopia Mountains and the Mecca Hills. 
Abbreviations are: SAF – San Andreas Fault; SCF – Skeleton Canyon Fault; PCF – 
Painted Canyon Fault; PF – Platform Fault; ECF – Eagle Canyon Fault; HSF – Hidden 
Springs Fault; OMDF – Orocopia Mountains Detachment Fault; CWF – Clemens Well 
Fault; SCrF – Salton Creek Fault. Inset of Figure 3-3 shown. Geology after Jacobson et 
al., 2007 and McNabb et al., 2017. Mountains (Fig. 3-3; Crowell and Walker, 1972; 
Jacobson et al., 2007).  
 
 
understanding the evolving tectonic and lithospheric architecture of the crystalline 
basement terrane exposed in this area of Southern California. The Orocopia Schist and 
gneisses are also exposed in the Mecca Hills, adjacent to the northern Orocopia 
Mountains. The proximity of these exposures to the Orocopia Mountains present a unique 
opportunity to address these key poorly constrained aspects of the thermal histories of the 
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Orocopia Schist and gneisses. Additionally, previous workers have suggested that the 
Orocopia Mountains Detachment Fault might extend into the Mecca Hills (Jacobson et 
al., 2007). The basement exposures in the Mecca Hills correlative to the basement in the 
Orocopia Mountains may thus provide key details about the location of the Orocopia 
Mountains Detachment Fault in the Mecca Hills (Jacobson et al., 2007). 
Low-temperature thermochronometry constrains the timing, magnitude, and 
duration of cooling through the upper crust and is uniquely suited to address these issues. 
In particular, the broad temperature sensitivity (~20-200 °C) of the zircon (U-Th)/He 
system (zircon He) owing to radiation damage effects on He retentivity permits 
reconstruction of a near-continuous thermal histories through the upper ~10 km of the 
crust (Guenthner et al., 2013; Guenthner et al., 2014; Orme et al., 2016). This requires 
exploitation of the radiation damage effects combined with a high spatial resolution 
sampling strategy. In this contribution, we present 39 individual zircon He analyses from 
seven Orocopia Schist and gneiss samples in the Mecca Hills (Fig. 3-3). We interpret 
these data through the lens of available geologic and thermochronologic constraints for 
the region (e.g. Jacobson, 2007). Our zircon He results are consistent with rapid cooling 
documented in Orocopia Mountains at ~24 Ma (Jacobson et al., 2007). Collectively, these 
data suggest that schist and basement rocks in both the Orocopia Mountains and Mecca 
Hills were juxtaposed prior to ~24 Ma, possibly on the Orocopia Mountains Detachment 
Fault, and behaved as a coherent structural block during Late Oligocene-Early Miocene 
exhumation.  
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Figure 3-3. (A) Geologic map and (B) cross-section of Mecca Hills study location 
showing zircon (U-Th)/He sample localities and configuration of the gneisses and 
Orocopia Schist in the Mecca Hills. Abbreviations are: SAF – San Andreas Fault; SCF – 
Skeleton Canyon Fault; PCF – Painted Canyon Fault; PF – Platform Fault; ECF – Eagle 
Canyon Fault; HSF – Hidden Springs Fault. Geology and cross-section after McNabb et 
al., 2017. 
 
3.2. Geologic Setting 
The Mecca Hills are an actively exhuming terrane resulting from transpression on 
the adjacent southernmost San Andreas Fault and complex tectonics of the Eastern  
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California shear zone at the easternmost extent of the range (Fig. 3-3; Sylvester and 
Smith, 1976; Thatcher et al., 2016). This iconic area of San Andreas-related deformation 
lies at the northern end of the Chocolate Mountains Anticlinorium, a regional structural 
culmination which extends from this locality through the Chocolate Mountains and 
Gavilan Hills to Neversweat Ridge in southwestern Arizona (Frost and Martin, 1983; 
Richard, 1989; Sherrod and Tosdal, 1991; Haxel et al., 2015). Rocks in the Mecca Hills 
comprise (1) Pliocene to Pleistocene sedimentary units, deposited unconformably on the 
crystalline basement units and deformed in localized depocenters that evolved with the 
San Andreas-related structures currently observed in the Mecca Hills (Sylvester and 
Smith, 1976; McNabb et al., 2017) and (2) crystalline basement rocks composed of 
Proterozoic to Late Cretaceous gneisses and igneous intrusions and the Late 
Cretaceous/Early Paleogene Orocopia Schist (Sylvester and Smith, 1976; Jacobson et al., 
2007). This crystalline basement complex is correlated to the basement rocks in the 
nearby Orocopia Mountains, where their structural, tectonic, and thermal histories have 
been studied in detail (Table 3-1; Fig. 3-2, 3-4; Jacobson et al., 2007). Existing 
thermochronometry data from the Mecca Hills implies the thermal histories of the 
Orocopia Schist and gneisses in this locality are broadly correlative to the thermal 
histories of these units in the Orocopia Mountains (Jacobson et al., 2007).  
The Orocopia Schist is exposed in southeastern California and southwestern 
Arizona (Fig. 3-1; Chapman et al., 2010; Haxel et al., 2015; Chapman, 2016; Strickland 
et al., 2017). In addition to the Chocolate Mountains Anticlinorium, Orocopia Schist 
outcrops have recently been identified at Cemetery Ridge and in the Plomosa Mountains 
 ! !
!
Table 3-1. Existing thermal and geologic constraints on the Orocopia Schist and gneisses. 
61 
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Figure 3-4. Existing constraints on the geologic and thermal histories of the gneisses and 
Orocopia Schist from the Orocopia Mountains and Mecca Hills. Boxes represent the 
temperature sensitivities and dates of the corresponding thermal constraint. Solid boxes 
with white infill are Orocopia Schist constraints. Dashed boxes are constraints for the 
gneisses. Gray-filled boxes represent sedimentary rock deposition. Constraints are from 
Crowell and Susuki, 1959; Crowell, 1960, 1962, 1975; Johnston, 1961; Crowell and 
Walker, 1962; Silver et al., 1963; Carter, 1980, 1987; Spittler and Arthur, 1982; 
Advocate et al., 1988; Jacobson et al., 1990, 2007; Frizzel and Weigand, 1993; Barth et 
al., 1995; Oyarzabal et al., 1997; Law et al., 2001; Grove et al., 2003; and Ebert, 2004. 
 
(Fig. 3-1; Haxel et al., 2015; Strickland et al., 2017). The protolith of the Orocopia Schist 
was a greywacke accretionary complex that was underplated beneath older crystalline 
basement rocks of the North American continent during flat slab subduction of the 
Farallon plate (Graham and England, 1976; Haxel and Dillion, 1978; Ehlig, 1981; 
Jacobson, 1983; Jacobson et al., 1988; Jacobson, 1990; Jacobson and Dawson, 1995; 
Jacobson, 1995; Jacobson et al., 1996; Oyarzabal et al., 1997; Jacobson et al., 2000; 
Jacobson et al., 2002; Jacobson et al., 2007; Jacobson et al., 2011; Chapman, 2016). It 
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has been correlated with the Pelona, Rand, San Emigdio, and Sierra de Salinas schists 
(POR-type schists) exposed throughout California and Arizona (Fig. 3-1; e.g. Haxel and 
Dillon, 1978). Numerous workers posit these units were progressively metamorphosed 
from north to south in the same shallow, northeast-dipping subduction zone (Burchfiel 
and Davis, 1981; Crowell, 1981; Hamilton, 1987; Hamilton, 1988; Jacobson, 1990; 
Jacobson et al., 1996; Chapman et al., 2011). Flat-slab subduction of the Farallon plate is 
hypothesized to have initiated after subduction of an oceanic plateau (thought to be a 
conjugate of the Shatsky Rise) in the Late Cretaceous (Engebretson et al., 1985; Saleeby, 
2003; Liu et al., 2008; Chapman et al., 2010; Liu et al., 2010). Arc magmatism ended 
with the initiation of low-angle subduction, which thickened the overlying crystalline 
units and rapidly built upper plate topography (House et al., 2001; Saleeby, 2003). Arc-
derived detritus eroded from this topographic high was promptly subducted and 
underplated beneath the North American continent where the flat slab previously 
removed the mantle lithosphere (Saleeby, 2003; Kidder and Ducea, 2006). Exposures of 
POR-type schists in southeastern California and southwestern Arizona (Orocopia 
Mountains, Chocolate Mountains, Gavilan Hills) contain a relatively greater population 
of Proterozoic detrital zircons than their northern counterparts, reflecting an increase in 
craton-derived sediments within the schist protolith as this accretionary complex 
continued to evolve through the Early Cenozoic (Grove et al., 2003; Jacobson et al., 
2011; Sharman et al., 2015; Chapman et al., 2016; Chapman, 2016). POR-type schists are 
exhumed from depths of ~30-35 km and many exposures show inverted metamorphic 
gradients (Ehlig, 1958; Sharry, 1981; Graham and Powell, 1984; Goodman, 1989; 
Jacobson, 1990; Jacobson, 1995; Malin et al., 1995; Haxel et al., 2002; Jacobson et al., 
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2002; Grove et al., 2003; Kidder and Ducea, 2006; Jacobson et al., 2007; Chapman et al., 
2011; Kidder et al., 2013). Recent work at Cemetery Ridge and the Plomosa Mountains 
Metamorphic Core Complex in southwestern Arizona documents serpentinized mantle 
peridotite blocks and large tremolite pods in the Orocopia Schist (Haxel et al., 2015; 
Strickland et al., 2016). These studies document interactions between the Orocopia Schist 
and subduction zone mantle wedge (Haxel et al., 2015; Strickland et al., 2016). These are 
the farthest inboard localities of the Orocopia Schist, indicating the potential for the 
Orocopia Schist to be even more laterally extensive throughout southeastern California 
and southwestern Arizona than previously recognized (Haxel et al., 2015; Strickland et 
al., 2016).  
The Orocopia Schist exposed in the Orocopia Mountains is composed mostly of 
metagraywacke, with minor amounts of metabasite, metachert, marble, and serpentinite 
that were subjected to albite-epidote-amphibolite facies metamorphism during subduction 
(Jacobson et al., 2007). In most of the POR-schist system, upper plate rocks are largely 
composed of Mesozoic Cordilleran batholithic assemblages (Haxel and Dillon, 1978; 
Ehlig, 1981; Jacobson, 1983; Kidder and Ducea, 2006; Ducea et al., 2009; Chapman et 
al., 2010; Chapman et al., 2011). However, upper plate rocks in the Mecca Hills and 
Orocopia Mountains are unique lithologies when compared to the structurally correlative 
units along strike in the Chocolate Mountains Anticlinorium (Haxel et al., 1985; Jacobson 
et al., 2002; Jacobson et al., 2007; Lishansky, 2011). Jacobson et al. (2007) defines three 
upper plate units exposed in the Orocopia Mountains (Fig. 3-2). These units are 
collectively referred to in this chapter as the “gneisses.” The first is a quartzofeldspathic 
to mafic gneiss, which was subject to granulite facies metamorphism and later regressed 
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to amphibolite facies conditions (Crowell and Walker, 1962). The second unit is an 
anorthosite-syenite unit that intrudes the gneiss (Crowell and Walker, 1962; Carter, 1980, 
1987). Both units are intruded by a leucogranite, but the intrusion is more prevalent in the 
gneiss than the anorthosite-syenite (Jacobson et al., 2007). The crystalline basement units 
in the Mecca Hills have been correlated loosely to the gneisses in the Orocopia 
Mountains (Fig. 3-2; Sylvester and Smith, 1976; Jacobson et al., 2007); however, 
exposed Mecca Hills basement units require focused study to improve regional 
correlations as well as understanding of their origin and tectonic significance. 
POR-type schists are exposed under several detachment structures such as the 
Vincent, Chocolate Mountains, and Orocopia Mountains detachment faults (Ehlig, 1958; 
Crowell and Walker, 1962; Haxel, 1977; Haxel and Dillon, 1978; Jacobson 1983; 
Ingersoll et al., 2014). These structures were initially interpreted as a reactivated 
subduction megathrust (Haxel, 1977; Haxel and Dillon, 1978; Jacobson, 1983), but 
subsequent petrologic and structural studies revealed they are retrograde in origin and 
responsible for exhumation of the schist terranes (Jacobson et al., 1987, 1988; Jacobson, 
1990; Jacobson et al., 1996; Oyarzabal, 1997). In the Orocopia Mountains, the Orocopia 
Mountains Detachment Fault separates the lower plate Orocopia Schist from the gneisses, 
anorthosite-syenite, and leucogranite; several complementary detachment structures cut 
the upper plate of the detachment fault (Fig. 3-2; Crowell, 1962; Jacobson et al., 1988; 
Goodmacher et al., 1989; Jacobson and Dawson, 1995; Ebert, 2004; Ebert and Yin, 2004; 
Jacobson et al., 2007; Ingersoll et al., 2014). The Orocopia Mountains Detachment Fault 
was likely part of system of regional Late Oligocene-Early Miocene extensional 
structures (Jacobson et al., 2007; Ingersoll et al., 2014). The Diligencia Formation, 
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exposed in the Orocopia Mountains, was deposited in a half graben basin bound by a 
major normal fault antithetic to the Orocopia Mountains Detachment Fault (Ingersoll et 
al., 2014). This normal fault, named the Diligencia Fault, was active at the same time as 
the Orocopia Mountains Detachment Fault (Jacobson et al., 2007; Ingersoll et al., 2014).   
Previous researchers have suggested that the Orocopia Mountains Detachment Fault 
might continue into the crystalline basement units of the adjacent Mecca Hills (Jacobson 
et al., 2007). The Orocopia Mountains Detachment Fault and the units it juxtaposes were 
collectively folded into the present-day Chocolate Mountains Anticlinorium after the 
final phases of movement on the Orocopia Mountains Detachment Fault (Fig. 3-2; 
Crowell and Walker, 1962; Crowell, 1975; Jacobson et al., 2007). In the Mecca Hills, the 
gneisses are exposed west of the Orocopia schist, consistent with the interpretation that 
gneisses rocks in the Mecca Hills represent the western limb of folded gneisses in the 
Orocopia Mountains (Figs. 3-2, 3-3; Jacobson et al., 2007).  
 
3.3. Constraints on the geologic and thermal histories 
 U-Pb and 40Ar/39Ar datasets inform the Late Cretaceous and Early Cenozoic 
exhumation history of the Orocopia Schist and gneisses (Table 3-1; Fig. 3-4). Thermal 
history data from crystalline basement rocks in the Mecca Hills are limited to four 
40Ar/39Ar biotite, muscovite, and potassium feldspar dates. With the exception of these 
four dates, constraints discussed below and shown in Table 3-1 and Figure 3-4 are from 
the Orocopia Mountains and surrounding areas. We first discuss existing constraints on 
the time temperature history of the gneisses. The ages of the anothosite-syenite and 
gneiss units are poorly constrained. The anorthosite-syenite unit is correlated to similar 
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rocks in the San Gabriel Mountains, which have a crystallization age of 1190 Ma 
(Crowell and Walker, 1962; Silver et al., 1963; Carter, 1980, 1987; Barth et al., 1995). 
Based on intrusive relationships, the gneiss must be older than the anorthosite-syenite 
unit, but the exact metamorphic age of the gneiss is unknown (Jacobson et al., 2007). The 
leucogranite intrudes both of the above units and in the Orocopia Mountains has been 
dated to 76 Ma, placing a minimum crystallization age on both the gneiss and 
leucogranite (Jacobson et al., 2007). No U-Pb data exists for the gneiss, leucogranite, or 
anorthosite-syenite units in the Mecca Hills. 
 Several 40Ar/39Ar dates constrain the post-76 Ma exhumation history of the 
gneisses in the Orocopia Mountains and the Mecca Hills. Hornblende 40Ar/39Ar dates are 
exclusive to the Orocopia Mountains and range from 76-59 Ma (Jacobson et al., 2007). 
These dates are interpreted to reflect localized heating to >400-600 °C from the 
leucogranite intrusion at 76 Ma (Jacobson et al., 2007). It is possible the gneisses were 
located at mid-crustal levels (<15-20 km) prior to 76 Ma. Muscovite 40Ar/39Ar dates from 
the Mecca Hills and Orocopia Mountains are 97.3 ± 0.8 Ma and 49.4 ± 0.6 Ma, 
respectively (Jacobson et al., 2007). The ~97 Ma date is difficult to reconcile, as it is 
significantly older than the hornblende 40Ar/39Ar data, a system with a higher temperature 
sensitivity. The ~49 Ma date is likewise complex, as it is younger than the biotite 
40Ar/39Ar data, which has a lower bulk closure temperature than the muscovite 40Ar/39Ar 
system (Jacobson et al., 2007). Biotite 40Ar/39Ar data from the Orocopia Mountains and 
Mecca Hills constrain cooling through ~300-350 °C of the gneisses between 75-56 Ma 
(Jacobson et al., 2007). Existing potassium feldspar 40Ar/39Ar multi-diffusion domain 
models from the Orocopia Mountains and Mecca Hills demonstrate rapid cooling of the 
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structurally shallow gneiss from ~300 °C to ~150-200 °C between 55-53 Ma, followed by 
slower cooling following 45 Ma (Jacobson et al., 2007). Structurally-deeper gneisses in 
the Orocopia Mountains, including one sample from the Mecca Hills, do not display this 
same phase of rapid cooling, but rather document protracted cooling between this same 
temperature interval before being rapidly cooled after ~25 Ma (Jacobson et al., 2007). 
Thus, potassium-feldspar 40Ar/39Ar data suggest all of the gneisses in the Orocopia 
Mountains and Mecca Hills resided at ~150-300 °C from ~45-25 Ma (Jacobson et al., 
2007). A single apatite fission track date from the Orocopia Mountains places the 
anorthosite-syenite unit at ~90-120 °C at 27 Ma (Jacobson et al., 2007). Apatite (U-
Th)/He data exclusive to the Mecca Hills constrain cooling through ~30-90 °C between 
~15-1 Ma, with rapid cooling of the crystalline basement between the Painted Canyon 
and Platform Faults occurring at ~1 Ma (Moser et al., in review). 
 Ten key constraints inform the geologic and thermal histories of the Orocopia 
Schist in the Orocopia Mountains and Mecca Hills. Detrital zircon U-Pb dates from 
Orocopia Schist in the Orocopia Mountains require the schist protolith was deposited 
after ~72 Ma, and a significant Proterozoic detrital population is present (Grove et al., 
2003). No U-Pb geochronology analyses are available from the Orocopia Schist in the 
Mecca Hills. The Orocopia Schist in this area was subject to albite-epidote amphibolite 
facies, and thus peak metamorphic temperature is constrained to ~550 °C (Graham and 
Powell, 1984; Jacobson, 1995; Jacobson et al., 2007). No quantitative thermometry-
derived peak metamorphic temperatures exist for the Orocopia Schist in the Orocopia 
Mountains or Mecca Hills. Hornblende 40Ar/39Ar dates exclusive to the Orocopia 
Mountains constrain cooling of the Orocopia Schist at ~54-50 Ma through ~400-600 °C 
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and thus require the schist was accreted by this time (Jacobson, 1990; Jacobson et al., 
2007). Muscovite, biotite, and potassium feldspar 40Ar/39Ar dates from the Orocopia 
Mountains and Mecca Hills indicate the schist rapidly cooled to ~425-450 °C around 52-
50 Ma, and subsequently cooled more slowly through ~300-350 °C until ~24-22 Ma 
when it was cooled through ~150-250 °C (Jacobson et al., 2007). Stable isotope data (δD 
and δ18O values) document hydrothermal-meteroric fluid flow in the Orocopia Schist at 
this time (Holk et al., 2016). AFT data exclusive to the Orocopia Mountains places the 
schist at shallow crustal levels at 16 Ma (Oyarzabal, 1997; Jacobson et al., 2007). Apatite 
(U-Th)/He data are exclusive to the Mecca Hills, and constrain cooling through ~30-90 
°C between ~25-1 Ma. Finally, the oldest sedimentary unit that contains clasts of 
Orocopia Schist is the Miocene Bear Canyon Conglomerate, indicating the structurally 
shallowest Orocopia Schist first breached the surface ~18 Ma (Dillon, 1976; Frost et al., 
1982; Hamilton, 1987, 1988; Hughes, 1993). 
Two Cenozoic sedimentary units are present in the vicinity of the Orocopia 
Mountains and Mecca Hills and have potential implications for the thermal histories of 
the crystalline basement rocks. The marine Maniobra Formation was deposited between 
~56-49 Ma and reaches a maximum thickness of 1460 m (Advocate et al., 1998). Its 
depositional contact with Mesozoic granitoids indicates some basement units in the area 
were exposed at the surface during the Early Cenozoic (Advocate et al., 1998). Similarly, 
the ~24-16 Ma Diligencia Formation preserves 1500-2000 m of terrestrial siliciclastics, 
limestone, evaporates, and basalts deposited in an evolving half-graben basin above the 
Orocopia Mountains Detachment Fault, Clemens Well Fault, and Diligencia Fault 
(Crowell, 1975; Spittler and Arthur, 1982; Squires and Advocate, 1982; Davisson, 1993; 
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Law et al., 2001; Ingersoll et al., 2014). Enough extension occurred on the Diligencia 
Fault to trigger decompression melting, producing interbedded sedimentary and volcanic 
rocks in the Diligencia Basin (Ingersoll et al., 2014). It is unclear whether these units 
extended laterally to the current location of the Mecca Hills, but their regional presence 
indicates active deposition and the potential for sedimentary cover and reburial of the 
crystalline units during these time periods (Jacobson et al., 2007). 
 Collectively, these existing data are interpreted to represent two major pulses of 
rapid cooling in both the Orocopia Schist and gneisses. The first phase of rapid cooling 
occurred between ~52-50 Ma. During this cooling episode, the gneisses reached a 
maximum ~20 °C/Ma cooling rate, but the cooling rate of the Orocopia Schist is 
unconstrained (Jacobson et al., 2007). Recent work attributes this Early Cenozoic cooling  
of both the Orocopia Schist and gneisses to gravitational collapse of the upper plate 
subduction megathrust assemblages and subsequent extrusion of the schist along the 
former subduction interface (Saleeby, 2003; Ducea et al., 2009; Chapman et al., 2010; 
Chapman et al., 2011; Chapman et al., 2012; Chapman et al., 2013; Chapman et al., 
2016). Extrusion of the schist was accompanied by some amount of subduction 
megathrust upper plate normal faulting and erosional exhumation (Jacobson et al., 2002; 
Jacobson et al., 2007; Saleeby et al., 2007). In the Chocolate Mountains, the Chocolate 
Mountains Detachment Fault is likely responsible for exhumational cooling during this 
same Early Cenozoic period (Jacobson et al., 2002). No such structure preserves evidence 
for Early Cenozoic exhumation in the Orocopia Mountains or Mecca Hills, but it is 
hypothesized an Early Cenozoic detachment was subsequently removed by the Orocopia 
Mountains Detachment Fault (Jacobson et al., 2007).  
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This Early Cenozoic cooling signal is absent from the structurally deepest gneiss, 
but is present in the structurally shallow gneisses of the Orocopia Mountains (Jacobson et 
al., 2007). Current exposures of the gneisses must contain juxtaposed structural terranes 
that were subject to different Cenozoic thermal histories (Jacobson et al., 2007). Cooling 
at ~52-50 Ma is captured by comparatively higher temperature thermochronometric 
systems (hornblende, muscovite, and biotite 40Ar/39Ar) in the Orocopia Schist than the 
gneisses (potassium feldspar 40Ar/39Ar) (Jacobson et al., 2007). This requires that the 
Orocopia Schist sat at deeper structural levels than the gneisses, corresponding to a 
temperature difference on the order of ~200-250 °C, prior to ~24 Ma (Jacobson et al., 
2007). 
A second phase of rapid cooling in the Orocopia Mountains is constrained to 24-
22 Ma, and is recorded by both the Orocopia Schist and gneissess (Jacobson et al., 2007). 
Rapid exhumation of the schist during this time is attributed to slip on the Orocopia 
Mountains Detachment Fault, which resulted in the current structural juxtaposition of 
Orocopia Schist and gneisses in the Orocopia Mountains (Jacobson et al., 2007). This 
cooling phase is recorded by apatite fission track dates in the gneisses. Recent work 
documents hydrothermal-meteoric fluid flow within the Orocopia Schist during the phase 
of rapid cooling. Previous workers infer a steep geothermal gradient developed across the 
Orocopia Mountains Detachment Fault during Late Oligocene-Early Miocene faulting. 
This may have facilitated hydrothermal fluid circulation (Holk et al., 2016). 
 In order to assess the magnitude and duration of cooling, as well as the evolving 
tectonic and lithospheric architecture of the Orocopia Schist and gneisses, we have 
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acquired a suite of zircon He data and compare these results to the above existing thermal 
constraints.  
 
3.4. Radiation damage control on zircon (U-Th)/He system 
 The zircon He dating method is based on the accumulation of 4He from alpha 
decay of the parent isotopes 238U, 235U, and 232Th and used to constrain thermal histories 
of rocks in the upper portions of the Earth’s crust. The zircon He system records cooling 
through ~20-200 °C (Guenthner et al., 2013). Radiation damage accumulation exerts a 
fundamental control on the zircon He closure temperature. Radiation damage 
accumulation is a function of the parent isotope concentration (termed effective uranium, 
eU = U + 0.235 × Th) and the sample thermal history. For zircon grains from the same 
sample that experienced the same time temperature history, eU is a proxy for radiation 
damage. Variable eU between zircon crystals in a single sample can result in variable 
accumulated damage, He retentivity, and closure temperature, depending on the sample’s 
low-temperature thermal history. Zircon He retentivity and closure temperature initially 
increases with increasing radiation damage accumulation (eU). Above a threshold, 
radiation damage becomes interconnected forming fast pathways for He diffusion, 
yielding markedly decreased He retentivity and a corresponding decrease in zircon He 
closure temperature (Guenthner et al., 2013).  
 Variations in radiation damage accumulation and thus closure temperature can 
result in positive and negative correlations between eU and zircon He date (Guenthner et 
al., 2013; Guenthner et al., 2014; Orme et al., 2016). Zircon He date – eU correlations 
develop most often from protracted cooling histories, extended sample residence within 
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the zircon He partial retention zone, and He loss during reheating (such as from 
sedimentary reburial). Rapid cooling or complete He loss during a reheating episode will 
produce uniform dates over a spread of eU concentrations. Thus, the presence or absence 
of date-eU correlations from a suite of zircon He data can provide valuable insight into 
the low-temperature thermal history. Additional factors that influence zircon He dates 
include parent isotope zonation (Guenthner et al., 2013) and grain size (Reiners et al., 
2004). 
 The accumulation of radiation damage in zircon grains results in visual crystal 
discoloration (Woodhead et al., 1991). Crystals with a greater volume fraction of 
radiation damage are increasingly purple-brown, translucent to opaque, and should reflect 
increasing eU concentrations (Figs. 3-5, B.1.). When selecting grains for zircon He 
analyses, targeting a range of grains from clear/pristine to purple/brown may provide a 
grain population that represents a spread in eU concentrations and thus closure 
temperature within a single sample. Choosing grains in this way allows one to 
purposefully build a dataset with variable eU concentrations and potential date-eU 
correlations and glean further detail on sample time-temperature history. 
 
3.5. Zircon (U-Th)/He results 
 We aim to constrain the timing, magnitude, and duration of exhumation, as well 
as the evolving tectonic-lithospheric architecture of the Orocopia Schist and gneisses 
during exhumation. We acquired 39 individual zircon (U-Th)/He dates from five gneiss 
exposures (TC-19, PCF-15, PCFS6, MHS1, PFS2) and two Orocopia Schist (ECF-11, 
LBC-17) samples that define a broadly SW-NE transect across the Mecca Hills, including  
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Figure 3-5. Zircons analyzed from sample PCFS6 displaying range in visual radiation 
damage. Visual radiation damage (metamictization) increases from left to right. 
 
two samples off axis of this trend (Fig. 3-3). These crystalline basement units in the 
Mecca Hills are currently exposed in minor canyons and cut by a suite of San Andreas-
parallel strike-slip and oblique-slip normal faults (e.g. Sylvester and Smith, 1976).Zircons 
were analyzed for U, Th, and He at the Arizona Radiogenic Helium Dating Laboratory at 
the University of Arizona and follow the approach of Reiners et al. (2004; see 
Appendices for detailed analytical methods). We calculate elemental concentrations from 
the Zr-based mass following Guenthner et al. (2015). 
 Zircon He results fall into two distinct populations (Table 3-2; Figs. 3-6, 3-7). 
First, mean dates from samples TC-19, PCF-15, PCFS6, MHS1, ECF-11, and LBC-17 
range from 28.4 ± 2.9 Ma to 19.8 ± 1.8 Ma. Collectively these samples yield an overall 
mean date of 24.1 ± 3.5 Ma (n = 32). The standard deviation for this intersample mean is 
<20%, thus we will continue to discuss the mean of these 32 dates. Second, sample PFS2 
yields a mean date of 65.0 ± 5.6 Ma (n = 7). The ~24 Ma population shows no correlation 
with eU over an 89-2946 ppm range (Fig. 3-6A). Individual analyses from sample PFS2 
yield a U-shaped date-eU pattern over a 507-950 ppm span in eU, but lack a positive or 
negative date-eU correlation (Fig. 3-6A). Dates from samples TC-19, PCF-15, PCFS6,  
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 Table 3-2. Zircon (U-Th)/He data
Table&3(2.&Zircon'(U*Th)/He'data
Mass&a r&sph.&b r&c l&d Zr U Th eU&e 4He Ft&f Raw&Date Corr&Date Error&g
Sample (µmD&from&Zr) (µm) (µm) (µm) (nmol) (ppm) (ppm) (ppm) (nmol/g) (Ma) (Ma) (Ma)
PCF(15&&&33°36'54.73"'N'''116°00'06.19"'W
z1 3.47 47.36 39.23 203.80 18.94 474.82 104.60 499.40 47.20 0.75 17.5 23.5 0.3
z2 3.09 46.04 36.83 192.45 16.86 406.26 194.76 452.03 55.79 0.74 22.9 31.1 0.4
z3 6.43 60.09 49.23 246.00 35.05 259.88 88.23 280.62 29.99 0.80 19.8 24.9 0.3
z4 5.27 56.70 47.78 229.40 28.77 1186.48 408.58 1282.50 139.35 0.78 20.1 25.7 0.3
z5 8.08 66.44 55.05 263.60 44.09 1081.16 296.52 1150.84 126.52 0.81 20.4 25.0 0.4
Mean%±%std.%dev.:%26.1%±%2.9%Ma
TC(19&&&33°39'58.37"'N'''115°53'58.39"'W
z1 2.22 40.89 32.90 187.90 12.08 584.10 64.31 599.21 49.41 0.71 15.3 21.6 0.3
z2 3.22 47.99 38.40 202.45 17.55 562.71 235.05 617.94 58.89 0.75 17.7 23.7 0.3
z3 3.11 47.62 37.90 191.30 16.99 969.99 440.68 1073.55 101.48 0.75 17.5 23.5 0.3
z4 1.32 39.77 34.30 127.35 7.22 355.41 76.90 373.48 28.97 0.70 14.4 20.5 0.3
z5 2.00 42.26 35.20 152.65 10.92 2824.20 516.75 2945.64 264.04 0.72 16.6 23.2 0.4
Mean%±%std.%dev.:%22.5%±%1.4%Ma
MHS1&&&33°37'26.94"'N'''115°59'40.95"'W
z1 4.00 50.12 40.23 214.10 21.83 322.69 167.97 362.16 42.28 0.76 21.6 28.6 0.4
z2 8.83 67.81 54.20 293.95 48.19 264.61 178.87 306.64 35.76 0.82 21.6 26.5 0.4
z3 17.77 82.66 67.45 352.20 96.93 366.07 167.32 405.39 52.90 0.85 24.2 28.5 0.4
z4 8.82 69.63 55.53 303.40 48.10 1065.70 156.24 1102.42 161.47 0.82 27.1 33.0 0.5
z5 13.75 74.37 57.75 379.45 75.04 1859.15 110.77 1885.18 216.87 0.83 21.3 25.6 0.4
Mean%±%std.%dev.:%28.4%±%2.9%Ma
ECF(11&&&33°38'11.85"'N'''115°58'38.34"'W'
z1 2.16 39.42 32.88 155.00 11.81 1214.45 186.98 1258.40 99.55 0.70 14.7 21.0 0.3
z2 2.72 43.43 34.83 189.85 14.86 569.14 226.31 622.32 60.30 0.72 18.0 24.9 0.4
z3 3.08 48.09 40.25 168.00 16.82 2418.81 894.71 2629.07 273.96 0.75 19.3 25.9 0.4
z4 2.15 42.22 35.15 171.30 11.74 282.47 115.59 309.63 23.30 0.72 13.9 19.5 0.3
z5 5.12 53.67 40.95 268.80 27.95 571.39 278.24 636.77 56.73 0.77 16.5 21.4 0.3
Mean%±%std.%dev.:%22.5%±%2.7%Ma 75 
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 Table 3-2 continues 
Mass$a r$sph.$b r$c l$d Zr U Th eU$e 4He Ft$f Raw$Date Corr$Date Error$g
Sample (µmA$from$Zr) (µm) (µm) (µm) (nmol) (ppm) (ppm) (ppm) (nmol/g) (Ma) (Ma) (Ma)
LBCG17$$$33°36'03.44")N)))115°53'49.97")W
z1 2.08 43.32 36.23 157.90 11.35 935.97 329.36 1013.37 217.57 0.72 39.7 55.0 0.8
z2 1.76 40.42 33.85 142.80 9.60 360.95 39.55 370.25 25.52 0.71 12.8 18.1 0.3
z3 1.55 39.64 33.90 137.65 8.44 568.10 183.32 611.18 51.21 0.70 15.5 22.2 0.3
z4 3.38 53.12 45.45 170.95 18.45 1202.99 350.59 1285.38 106.51 0.77 15.4 20.0 0.3
z5 2.80 47.27 39.30 161.75 15.27 908.61 288.00 976.29 73.04 0.74 13.9 18.7 0.3
Mean%±%std.%dev.:%19.8%±%1.8%Ma%(outlier%55.0%±%1.6%Ma)
PCFS6$$$$$33°36'59.90'')N)))115°59'55.43'')W
z1 7.22 60.62 51.53 232.80 39.37 149.07 170.71 189.19 16.15 0.80 15.8 20.0 0.3
z2 18.51 76.60 61.90 326.35 100.97 74.03 80.28 92.90 9.65 0.84 19.2 23.1 0.3
z3 22.20 91.31 75.73 328.80 121.09 57.51 134.13 89.03 11.45 0.86 23.8 27.7 0.3
z4 11.75 70.54 59.70 252.40 64.12 668.40 181.68 711.10 83.49 0.82 21.7 26.4 0.4
z5 9.10 64.55 52.33 263.10 49.64 572.93 161.80 610.95 62.68 0.81 19.0 23.5 0.3
z6 19.11 82.77 69.10 296.55 104.25 1072.63 104.36 1097.16 121.57 0.85 20.5 24.2 0.4
z7 7.54 59.18 47.28 265.20 41.11 1335.18 542.74 1462.72 151.62 0.79 19.2 24.3 0.3
Mean%±%std.%dev.:%24.2%±%2.5%Ma%
PFS2$$$33°37'49.34'')N)))115°59'24.97'')W
z1 6.32 59.27 49.10 224.75 34.50 788.88 228.92 842.68 235.68 0.79 51.7 65.2 1.0
z2 18.26 79.29 63.08 335.10 99.59 696.09 181.97 738.86 209.38 0.84 52.4 62.1 0.9
z3 4.36 54.69 46.00 199.40 23.81 475.70 134.82 507.38 147.16 0.78 53.6 69.0 1.0
z4 4.06 56.11 49.70 165.95 22.17 533.11 67.91 549.07 144.07 0.78 48.5 62.0 0.9
z5 2.55 45.49 37.83 161.05 13.93 810.46 124.96 839.83 207.62 0.74 45.7 62.1 0.9
z6 8.02 61.66 49.98 254.10 43.73 567.61 306.70 639.69 163.53 0.80 47.2 59.1 0.8
z7 5.91 60.00 54.63 177.45 32.23 887.11 270.56 950.70 308.80 0.80 60.0 75.4 1.1
Mean%±%std.%dev.:%65.0%±%5.6%Ma
a)mass)calculated)from)[Zr])and)stoichiometry)(Guenthner)et)al.,)2016)
b)equivalent)spherical)radius
c)prism)halfNwidth
d)grain)length
e)eU)calculated)as)[U])+)0.235*[Th]
f)alpha)ejection)correction)of)Hourigan)et)al.)(2005)
g)1σ)propogated)error)from)analytical)uncertainties)on)U,)Th,)and)He)measurements)and)grain)length)measurements 76 
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Figure 3-6 continues 
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Figure 3-6. Zircon (U-Th)/He data. (A) Individual zircon He date plotted as a function of 
[eU]. Samples TC-19, PCF-15, PCFS6, MHS1, ECF-11, and LBC-17 show a uniform 
date-eU pattern with a collective average date of 24.1 ± 3.5 Ma (n=32). PFS2 shows a U-
shaped date-eU correlation. (B) Individual zircon He date plotted as a function of grain 
size (Rs or equivalent spherical radius). Samples TC-19, PCF-15, PCFS6, MHS1, ECF-
11, and LBC-17 define a weak, broadly positive relationship with grain size. (C) Mean 
sample date plotted as a function of sample elevation. Mean sample dates do not correlate 
with elevation. (D) Individual zircon He date plotted as a function of [eU] and binned by 
grain size. There is no clear pattern between date and eU in any given grain size fraction. 
(E) Individual zircon He date as a function of eU and binned by rock type. Both the 
gneisses and the Orocopia Schist display uniform date-eU correlations at ~24 Ma. 
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Figure 3-7. Mean zircon (U-Th)/He sample date plotted by sample locality. Uncertainties 
are 1! standard deviation. Map symbols and abbreviations are the same as Figure 3-2 and 
3-3. Sample PFS2 yields a significantly older date than the rest of the samples. We 
interpret this sample was collected from a separate structural terrane within the gneisses 
that was incorporated into the current crystalline basement architecture after Late 
Oligocene-Early Miocene cooling. 
 
MHS1, ECF-11, and LBC-17 define a weak, broadly positive relationship with grain size 
(Rs, equivalent spherical radius) and sample PF2S2 does not yield a date-grain size 
correlation (Fig. 3-6C). However, when zircon He dates are plotted as a function of eU 
and analyses are binned by grain size, there is no clear relationship between date and eU 
in any given grain size fraction (Fig. 3-6B). Neither date population shows a correlation 
with elevation (Fig. 3-6D). 
  
3.6. Discussion 
We evaluate these zircon He data and date-eU correlations in the context of 
existing geologic, geochronologic, and thermochronologic constraints from across the 
region. We are specifically interested in evaluating if the same thermal history from the 
  
79 
Orocopia Mountains applies to the Orocopia Schist and gneisses in the Mecca Hills as 
this has implications for the location of the Orocopia Mountains Detachment Fault. 
Similarities and differences between time-temperature histories between these units and 
the two locales have implications for the initiation, duration, magnitude, and rates of 
Middle Cenozoic cooling recorded in the exposed basement rocks of the Mecca Hills. 
Palinspastic restorations of Southern California show the Mecca Hills and Orocopia 
Mountains as being part of the same structural block since ~30 Ma (Grove et al., 2003; 
Jacobson et al., 2011; Darin and Dorsey, 2013; Ingersoll et al., 2014). We assume that 
significant lateral separation did not occur between these two localities in the last ~30 
myr. 
The time temperature history of the Orocopia Schist and gneiss in the Mecca Hills 
as constrained by our zircon He data share some similarities and differences with the 
documented thermal histories in the Orocopia Mountains. Six of our seven zircon He 
samples yield a collective average date of 24.1 ± 3.5 Ma (n = 32) and a uniform date-eU 
correlation (Fig. 3-6A). Uniform zircon He dates regardless of the broad spread in eU and 
visual metamictization indicates rapid cooling of these rocks through the zircon He 
closure temperature at ~24 Ma. These new data are consistent with the timing of Late 
Oligocene-Early Miocene rapid cooling in the Orocopia Mountains (Fig. 3-4). In the 
Orocopia Mountains, the Orocopia schist cooled at ~24-22 Ma from temperatures above 
~350 °C (potassium feldspar 40Ar/39Ar bulk closure temperature) at maximum cooling 
rates of  >50 °C/Ma (Jacobson et al., 2007). In the gneisses, Middle Cenozoic rapid 
cooling is recorded by potassium-feldspars in the structurally deepest gneiss (Jacobson et 
al., 2007). A similar timing for rapid cooling (~28-24 Ma) is inferred for the schist and 
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gneisses rocks in the Gavilan Hills, where exhumation during this time has been 
attributed to the Gatuna-Sortan-Big Eye fault system, a structure correlative to the 
Orocopia Mountains Detachment Fault (Jacobson et al., 2002; Lishansky, 2011). Further, 
sediments and volcanics in the Diligencia Basin are directly related to this Middle 
Cenozoic exhumation phase and slip on basin-bounding normal fault antithetic to the 
Orocopia Mountains Detachment Fault (Crowell, 1975; Spittler and Arthur, 1982; 
Squires and Advocate, 1982; Robinson and Frost, 1989, 1991, 1996; Davisson, 1993; 
Law et al., 2001; Jacobson et al., 2007; Ingersoll et al., 2014). This shared Middle 
Cenozoic thermal and geologic histories between the Orocopia Schist and gneisses of the 
Orocopia Mountains, the Gavilan Hills, sedimentary units and volcanics of the Diligencia 
Basin, and our new Mecca Hills data provides evidence that Middle Cenozoic extension, 
exhumation, and associated cooling was widespread throughout southeastern California 
and southwestern Arizona during this time (Jacobson et al., 2002; Grove et al., 2003; 
Jacobson et al., 2007; Lishansky, 2011). 
 Conversely, it is unexpected that the zircon He dates from the gneiss and 
Orocopia Schist in the Mecca Hills overlap. In the Orocopia Mountains, the Orocopia 
Mountains Detachment Fault was responsible for juxtaposing the gneiss and Orocopia 
Schist ~24-22 Ma (Jacobson et al., 2007). If the same were true in the Mecca Hills, we 
would expect to see ~24 Ma zircon He dates in the Orocopia Schist and older zircon He 
dates in the gneissic units. 
 We suggest two possible scenarios to explain the overlapping zircon He dates 
between the gneisses and Orocopia Schist in the Mecca Hills. In the Mecca Hills, the 
gneisses and Orocopia Schist might both be located in the footwall of the Orocopia 
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Mountains Detachment Fault. This would result in simultaneous exhumation of both 
crystalline basement units during Late Oligocene-Early Miocene slip on the Orocopia 
Mountains Detachment fault and thus overlapping zircon He dates between the two 
crystalline basement units. However, the Orocopia Mountains Detachment Fault might be 
located between the Orocopia Schist and gneiss units, as it is in the Orocopia Mountains. 
In this case, our data would require slip on the Orocopia Mountains Detachment Fault 
have ceased prior to ~24 Ma. Future forward thermal modeling may help to distinguish 
between these two different possibilities.  
 If the second scenario described above is true, the implication is that a mechanism 
other than detachment faulting is responsible for rapid cooling of the crystalline basement 
units in the Mecca Hills at ~24 Ma. Further, kinematic indicators suggest slip on the 
Orocopia Mountains Detachment Fault was either top to the east or northeast (Jacobson 
et al., 2007). Top to the east displacement could have caused the crystalline basement 
rocks of the Mecca Hills to detach from the main sliding mass before ~24 Ma, supporting 
the interpretation that another mechanism may be affecting ~24 Ma cooling in the Mecca 
Hills. Previous workers and tectonic models suggest that Mendocino Triple Junction 
instability and migration caused crustal extension as the triple junction migrated up the 
western margin of North America (Ingersoll, 1982; Ingersoll et al., 2014). Plate 
reconstructions suggest the Mendocino Triple Junction was adjacent to the Orocopia 
Mountains during Late Oligocene-Early Miocene extension, consistent with this 
hypothesis (Dickinson, 1996). This insight, combined with the interlayered volcanics of 
the Diligencia Formation suggest two possible mechanisms that could have contributed to 
the ~24 Ma thermal signature in this region. Increased heat flow from the nearby 
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Mendocino Triple Junction could have perturbed the geothermal gradient. As the triple 
junction migrated north, the heat source would have traveled with it, thus cooling the 
crust. Volcanism from decompression melting, documented in the nearby Diligencia 
Formation, could have likewise added heat to the crust at ~24 Ma. Both hypotheses are 
supported by the simultaneous migration of the Mendocino Triple Junction, crustal 
extension, and volcanism (Dickinson and Snyder, 1979; Hendrix and Ingersoll, 1987; 
Nicholson et al., 1994; Bohannon and Parsons, 1995; Dickinson, 1996; Atwater and 
Stock, 1998; Hendrix et al., 2010). Whatever the case, if the ~24 Ma zircon He dates are 
the result of crustal heating, this thermal pulse was not sufficient to affect the potassium 
feldspar dates, which are older than 24 Ma in the Orocopia Mountains (Jacobson et al., 
2007).  
 Sample PFS2 yields a significantly older date (65.0 ± 5.6 Ma) than the remainder 
of the zircon He dataset, indicating this sample experienced a different time temperature 
history (Fig. 3-6, 3-7). This suggests sample PFS2 is from a separate structural domain of 
the gneissic rocks that cooled through the zircon He closure temperature prior to Late 
Oligocene-Early Miocene exhumation. Apatite (U-Th)/He dates from this sample are 0.6-
0.8 Ma and overlap with apatite (U-Th)/He dates of nearby samples (MHS1, PCFS6; 
Moser et al., in review). This domain must have been incorporated into the current terrane 
between ~24 and ~1 Ma, when the thermal history of this sample merges with other 
nearby samples. The hypothesis of discrete structural domains with separate thermal 
histories in the gneisses is consistent with multiple smaller-scale detachment structures 
posited in the upper plate of the Orocopia Mountains Detachment Fault (Jacobson et al., 
2007). 
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 Individual zircon He dates from sample PFS2 also define a U-shaped date-eU 
pattern over a 507-950 ppm eU range (Fig. 3-6). Prior zircon He work demonstrates that 
zircon He analyses of zoned crystals characterized by eU-enriched rims can result in this 
data pattern (Hourigan et al., 2005; Orme et al., 2015). The FT correction (alpha ejection 
correction that corrects for He that has been ejected from the crystal) applied to zircon He 
dates assumes a uniform distribution of parent isotopes in each crystal. If U and Th are 
concentrated in the rims relative to the cores, the FT correction underestimates the amount 
of He ejected from the grain, resulting in dates that are younger than the true zircon He 
date (Tagami et al., 2003; Reiners et al., 2004; Hourigan et al., 2005). The extent to 
which the FT correction underestimates the volume fraction of He ejected from the crystal 
depends on the thickness of the eU-enriched rim and the contrast in eU between the rim 
and core. The maximum underestimate and thus youngest zircon He date occurs at a 
moderate rim thickness (~2-10 µm for rims with eU concentration ~2-20x greater than 
cores; Hourigan et al., 2005). For rim thicknesses above and below these values, the FT 
correction is more accurate, because the volume fraction of He ejected from the crystal 
decreases (Orme et al., 2015). Thicker eU-enriched rims will also result in a higher 
overall eU concentration for any zircon grain (Orme et al., 2015). Variably inaccurate FT 
correction over increasing bulk eU will thus result in a U-shaped date-eU pattern (Orme 
et al., 2015). Future cathodoluminescence imaging of zircons from sample PFS2 will 
indicate the presence or absence of enriched eU rims in this sample. 
 We targeted a range in visually metamict zircons to purposefully build a range in 
eU concentration in the zircon He dataset. Many of our samples display a significant 
range in eU (Fig. 3-6; 89-2946 ppm across the dataset). Six of seven samples in the 
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dataset yield uniform date-eU patterns despite the range in eU concentration and visually 
preserved radiation damage. This suggests our samples were subject to thermal histories 
such that zircon He dates were reset but radiation damage was not annealed. Our thermal 
models may thus have implications for the temperature ranges over which radiation 
damage is accumulated and annealed in zircons. 
 
3.7. Future Work 
 In light of these results, several additional analyses are required to refine the time-
temperature history of the Orocopia Schist and gneisses in the Mecca Hills. First, 
cathodoluminescence (CL) imaging with a scanning electron microscope will 
characterize eU zoning patterns in our zircon samples, as CL activation is a proxy for 
relative eU concentration. Zoning information is required to inform spot placement for 
LA-ICP-MS U-Pb analyses and to assess the effects of zoning on the zircon He date 
patterns. We will complete this work at the Dixon Laser Institute at the University of 
Utah. 
 Second, we will conduct laser ablation-inductively-coupled plasma mass 
spectrometry (LA-ICPMS) U-Pb zircon geochronology on each of the seven samples. 
Acquiring these data has two objectives. First, U-Pb zircon dates will inform the 
formation age of the gneisses in the Mecca Hills, an outstanding question regarding the 
thermal histories of these rocks. Second, U-Pb dates will inform our forward thermal 
models. These data are required to accurately model the time over which these zircons 
have accumulated radiation damage. We will analyze 30 zircons via LA-ICP-MS per 
sample at the University of Utah Petrochron Lab. 
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 Third, a suite of thermal history simulations will integrate zircon U-Pb, zircon He, 
and independent geologic constraints to reconstruct the time-temperature histories of the 
Orocopia schist and gneisses in the Mecca Hills (Ketcham 2005; Guenthner et al., 2014; 
Orme et al., 2016). We will use the forward modeling capabilities of the HeFTy computer 
program (Ketcham, 2005) and the zircon radiation damage accumulation and annealing 
model (ZRDAAM; Guenthner et al., 2013) to produce candidate time-temperature paths 
and compare these trends to our observed date-eU correlations. Viable thermal histories 
must reproduce dates over the range of eU. These models will inform the initiation, 
duration, magnitude, and rate of Late Oligocene-Early Miocene cooling indicated by our 
~24 Ma zircon He dates. We will compare our modeled time temperature paths to the 
documented thermal histories of the Orocopia schist and gneisses in the Orocopia 
Mountains. We will also apply our modeled thermal history to zircon He data from the 
Gavilan Hills to determine whether this time-temperature path applies to the Orocopia 
Schist over a broader area (Lishansky, 2011). 
 
3.8 Conclusion 
 Existing geologic and thermal constraints from the Orocopia Mountains and 
surrounding areas document two phases of rapid cooling in the Orocopia Schist and 
gneisses: in the Eocene (~52-50 Ma) and Late Oligocene-Early Miocene (~24-22 Ma). 
Thirty-nine new individual zircon (U-Th)/He dates from these crystalline basement rocks 
in the Mecca Hills define a uniform date-eU pattern, indicating these units cooled as a 
coherent structural block ~24 Ma. This unexpected cooling pattern suggests in the Mecca 
Hills, the Orocopia Mountains Detachment Fault either juxtaposed the Orocopia Schist 
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and gneisses prior to ~24 Ma, or this structure lies structurally above the currently 
exposed crystalline basement units. One sample with an older zircon He date (65 ± 5.6 
Ma) is likely from a discrete structural block within the gneisses that was incorporated 
sometime during or after ~24 Ma exhumation. The preservation of visual radiation 
damage in the zircons analyzed in this study, combined with the nature of the date-eU 
patterns in the dataset implies these grains experienced a thermal history where the He 
was lost from the grains, but the radiation damage was not annealed. Future U-Pb LA-
ICP-MS analyses in combination with forward thermal modeling of the zircon (U-Th)/He 
data will constrain the precise timing, magnitude, and duration of Late Oligocene-Early 
Miocene cooling of the Orocopia Schist and gneisses in the Mecca Hills.  
 
REFERENCES 
Advocate, D.M., Link, M.H., and Squires, R.L., 1988, Anatomy and history of an Eocene  
submarine canyon: The Maniobra Formation, southern California, in Filewicz, 
M.V., and Squires, R.L., eds., Paleogene stratigraphy, West Coast of North 
America: Los Angeles, California, Pacific Section, SEPM (Society for 
Sedimentary Geology), no. 58, p. 45–58. 
 
Atwater, T., and Stock, J., 1998, Pacific-North America plate tectonics of the Neogene  
southwestern United States: an update: International Geology Review, v. 40, p. 
375–402, doi:10.1080/00206819809465216. 
 
Barth, A.P., Wooden, J.L., Tosdal, R.M., and Morrison, J., 1995, Crustal contamination  
in the petrogenesis of a calc-alkalic rock series: Josephine Mountain intrusion, 
California: Geological Society of America Bulletin, v. 107, p. 201–211. 
 
Bohannon, R.G., and Parsons, T., 1995, Tectonic implications of post-30 Ma Pacific and  
North American relative plate motions: Geological Society of America Bulletin, 
v. 107, p. 937–959, doi:10.1130/0016-7606(1995)107<0937:TIOPMP>2.3.CO;2. 
 
Burchfiel, B.C., and Davis, G.A., 1981, Mojave Desert and environs, in Ernst, W.G., ed.,  
The geotectonic development of California (Rubey Volume I): Englewood Cliffs, 
New Jersey, Prentice-Hall, p. 217–252. 
  
87 
 
Carter, B.A., 1980, Structure and petrology of the San Gabriel anorthositesyenite body,  
Los Angeles County, California [Ph.D. thesis]: Pasadena, California Institute of 
Technology, 393 p. 
 
Carter, B.A., 1987, The San Gabriel anorthosite-syenite-gabbro-body, San Gabriel  
Mountains, California, in Hill, M.L., ed., Centennial field guide, volume 1: 
Boulder, Colorado, Geological Society of America, p. 203–206. 
 
Chapman, A.D., Kidder, S., Saleeby, J.B., and Ducea, M.N., 2010, Role of extrusion of  
the Rand and Sierra de Salinas schists in Late Cretaceous extension and rotation 
of the southern Sierra Nevada and vicinity: Tectonics, v. 25, v. 5, p. 1–2. 
 
Chapman, A.D., Luffi, P., Saleeby, J., and Petersen, S., 2011, Metamorphic evolution,  
partial melting, and rapid exhumation above an ancient flat slab: Insights from the 
San Emigdio Schist, southern California: Journal of Metamorphic Geology, v. 29, 
p. 601–626, doi:10.1111 /j.1525–1314.2011.00932.x. 
 
Chapman, A.D., Saleeby, J.B., Wood, D.J., Piasecki, A., Kidder, S., Ducea, M.N., and  
Farley, K.A., 2012, Late Cretaceous gravitational collapse of the southern Sierra 
Nevada batholith, California: Geosphere, v. 8, no. 2, p. 314–341, 
doi:10.1130/GES00740.1. 
 
Chapman, A.D., Saleeby, J.B., and Eiler, J.M., 2013, Slab flattening trigger for isotopic  
disturbance and magmatic flare-up in the southernmost Sierra Nevada batholith: 
California Geology, v. 41, p. 1007–1010, doi:10.1130/G34445.1 
 
Chapman, A.D., Jacobson, C.E., Ernst, W.G., Grove, M., Dumitru, T., Hourigan, J., and  
Ducea, M.N., 2016, Assembling the world’s type shallow subduction complex: 
Detrital zircon geochronologic constraints on the origin of the Nacimiento Block, 
central California Coast Ranges: Geosphere, v. 12, no. 2, p. 533-557, 
doi:10.1130/GES01257.1. 
 
Chapman, A.D., 2016, The Pelona-Orocopia-Rand and related schists of southern  
California: a review of the best-known archive of shallow subduction on the 
planet: International Geology Review, p. 1-38. 
 
Crowell, J.C., and Susuki, T., 1959, Eocene stratigraphy and paleontology, Orocopia  
Mountains, southeastern California: Geological Society of America Bulletin, v. 
70, p. 581–592, doi:10.1130/0016-7606(1959)70[581:ESAPOM]2.0.CO;2. 
 
Crowell, J.C., and Walker, J.W.R., 1962, Anorthosite and related rocks along the San  
Andreas fault, southern California: University of California Publications in 
Geological Sciences, v. 40, p. 219–288. 
 
  
88 
Crowell, J.C., 1960, The San Andreas fault in southern California: International  
Geological Congress Report of the Twenty-First Session Norden, Part 18, p. 45–
52. 
 
Crowell, J.C., 1962, Displacement along the San Andreas fault, California: Geological  
Society of America Special Paper 71, 61 p. 
 
Crowell, J.C., 1968, Movement histories of faults in the Transverse Ranges and  
speculations on the tectonic history of California, in Dickinson, W.R., and Grantz, 
A., eds., Proceedings of Conference on Geologic Problems of San Andreas Fault 
System: Stanford, California, Stanford University Publications in the Geological 
Sciences, v. 11, p. 323–341. 
 
Crowell, J.C., 1975, Geologic sketch of the Orocopia Mountains, southeastern California,  
in Crowell, J.C., ed., San Andreas fault in southern California: A guide to San 
Andreas fault from Mexico to Carrizo Plain: California Division of Mines and 
Geology Special Report 118, p. 99–110. 
 
Crowell, J.C., 1981, An outline of the tectonic history of southeastern California, in  
Ernst, W.G., ed., The geotectonic development of California (Rubey Volume I): 
Englewood Cliffs, New Jersey, Prentice-Hall, p. 583–600. 
 
Darin, M.H. and Dorsey, R.J., 2013, Reconciling disparate estimates of total offset on the  
southern San Andreas fault: Geology, v. 41, no. 9, p. 975-978, 
doi:10.1130/G34276.1. 
 
Davisson, C.M., 1993, Stratigraphic and structural evolutionof the early Diligencia basin,  
Orocopia Mountains, southeastern California [M.S. thesis]: Blacksburg, Virginia 
Polytechnic Institute and State University, 142p. 
 
Dickinson, W.R., and Snyder, W.S., 1979, Geometry of triple junctions related to San  
Andreas transform: Journal of Geophysical Research., v. 84, p. 561-572. 
 
Dickinson, W.R., 1996, Kinematics of transrotational tectonism in the California  
Transverse Ranges and its contribution to cumulative slip along the San Andreas  
transform fault system: Geological Society of America Special Paper 305, 46 p., 
doi:10.1130/0-8137-2305-1.1. 
 
Ducea, M.N., Kidder, S., Chesley, J.T., and Saleeby, J.B., 2009, Tectonic underplating of  
trench sediments beneath magmatic arcs: The central California example: 
International Geology Review, v. 51, no. 1, p. 1–26, 
doi:10.1080/00206810802602767. 
 
Ebert, K.A., 2004, Exhumational history of the Orocopia Schist and development of  
  
89 
hanging-wall structures of the Orocopia fault, southeastern California [M.S. 
thesis]: Los Angeles, University of California, 124 p. 
 
Ebert, K.A., and Yin, A., 2004, A new structural model for the development of the  
Clemens Well fault in the San Andreas fault system: Geological Society of 
America Abstracts with Programs, v. 36, no. 5, p. 501. 
 
Ehlig, P.L., 1981, Origin and tectonic history of the basement terrane of the San Gabriel  
Mountains, central Transverse Ranges, in Ernst, W.G., ed., The geotectonic 
development of California (Rubey Volume I): Englewood Cliffs, New Jersey, 
Prentice-Hall, p. 253–283. 
 
Engebretson, D.C., Cox, A., and Gordon, R.G., 1985, Relative motion between oceanic  
and continental plates in the Pacific basin: Geological Society of America Special 
Paper 206, 59 p. 
 
Frizzell, V.A., Jr., and Weigand, P.W., 1993, Whole-rock K-Ar ages and geochemical  
data from middle Cenozoic volcanic rocks, southern California: a test of 
correlations across the San Andreas fault: Geological Society of America, v. 178, 
p. 273–287, doi:10.1130/MEM178-p273. 
 
Frost, E.G., Martin, D.L., and Krummenacher, D., 1982, Mid-Tertiary detachment  
faulting in southwestern Arizona and California and its overprint on the Vincent 
thrust system: Geological Society of America Abstracts with Programs, v. 14, no. 
4, p. 164. 
 
Frost, E.G., and Martin, D.L., 1983, Overprint of Tertiary detachment deformation on the  
Mesozoic Orocopia Schist and Chocolate Mtns. thrust: Geological Society of 
America Abstracts with Programs, v. 15, no. 6, p. 577. 
 
Goodmacher, J., Barnett, L., Buckner, G., Ouachrif, L., Vidigal, A., and Frost, E., 1989,  
The Clemens Well fault in the Orocopia Mountains of southern California: A 
strike-slip or normal fault structure?: Geological Society of America Abstracts 
with Programs, v. 21, no. 5, p. 85. 
 
Graham, C.M., and England, P.C., 1976, Thermal regimes and regional metamorphism in  
the vicinity of overthrust faults: An example of shear heating and inverted 
metamorphic zonation from southern California: Earth and Planetary Science 
Letters, v. 31, p. 142–152, doi: 10.1016/0012- 821X(76)90105-9. 
 
Graham, C.M., and Powell, R., 1984, A garnet-hornblende geothermometer: Calibration,  
testing, and application to the Pelona Schist, southern California: Journal of 
Metamorphic Geology, v. 2, p. 13–31. 
 
Grove, M., Jacobson, C.E., Barth, A.P., and Vuc´ic´, A., 2003, Temporal and spatial  
  
90 
trends of Late Cretaceous–early Tertiary underplating of Pelona and related schist 
beneath southern California and southwestern Arizona, in Johnson, S.E., et al., 
eds., Tectonic evolution of northwestern Mexico and southwestern USA: 
Geological Society of America Special Paper 374, p. 381–406. 
 
Guenthner, W.R., Reiners, P.W., Ketcham, R.A., Nasdala, L., and Giester, G., 2013,  
Helium diffusion in natural zircon: Radiation damage, anisoptropy, and the 
interpretation of zircon (U-Th)/He thermochronology. 
 
Guenthner, W.R., Reiners, P.W., and Tian, Y., 2014, Interpreting date-eU correlations in  
zircon (U-Th)/He datasets: A case study from the Longmen Shan, China: Earth 
and Planetary Science Letters, v. 403, p. 328-339. 
 
Hamilton, W., 1987, Mesozoic geology and tectonics of the Big Maria Mountains region,  
southeastern California, in Dickinson, W.R., and Klute, M.A., eds., Mesozoic 
rocks of southern Arizona and adjacent areas: Arizona Geological Society Digest, 
v. 18, p. 33–47. 
 
Hamilton, W., 1988, Tectonic setting and variations with depth of some Cretaceous and  
Cenozoic structural and magmatic systems of the western United States, in Ernst, 
W.G., ed., Metamorphism and crustal evolution of the western United States 
(Rubey Volume VII): Englewood Cliffs, New Jersey, Prentice-Hall, p. 1–40. 
 
Haxel, G.B., 1977, The Orocopia Schist and the Chocolate Mountain thrust, Picacho– 
Peter Kane Mountain area, southeasternmost California [Ph.D. thesis]: Santa 
Barbara, University of California, 277 p.  
 
Haxel, G.B., and Dillon, J.T., 1978, The Pelona-Orocopia Schist and Vincent Chocolate  
Mountain thrust system, southern California, in Howell, D.G., and McDougall, 
K.A., eds., Mesozoic paleogeography of the western United States: Pacifi c Coast 
Paleogeography Symposium, volume 2: Pacifi c Section, Society of Economic 
Paleontologists and Mineralogists, p. 453–469.  
 
Haxel, G.B., Tosdal, R.M., and Dillon, J.T., 1985, Tectonic setting and lithology of the  
Winterhaven Formation: A new Mesozoic stratigraphic unit in southeasternmost 
California and southwestern Arizona: U.S. Geological Survey Bulletin 1599, 19 p.  
 
Haxel, G.B., Jacobson, C.E., Richard, S.M., Tosdal, R.M., and Grubensky, M.J., 2002,  
The Orocopia Schist in southwest Arizona: Early Tertiary oceanic rocks trapped 
or transported far inland, in Barth, A., ed., Contributions to crustal evolution of 
the southwestern US. 
 
Haxel, G.B., Jacobson, C.E., and Wittke, J.H., Mantle peridotite in newly discovered fair- 
inland subduction complex, southwest Arizona: Initial report: International 
Geology Review, v. 57, no. 5-8, p. 871-892. 
  
91 
 
Hendrix, E.D., and Ingersoll, R.V., 1987, Tectonics and alluvial sedimentation of the  
upper Oligocene/lower Miocene Vasquez Formation, Soledad basin, southern 
California: Geological Society of America Bulletin, v. 98, p. 647–663, 
doi:10.1130/0016-7606(1987)98<647:TAASOT>2.0.CO;2. 
 
Hendrix, E.D., Cole, R.B., and Ingersoll, R.V., 2010, Soledad and Plush Ranch basins:  
mid-Tertiary extensional terrane dismembered by the San Andreas fault system, 
in Clifton, H.E., and Ingersoll, R.V., eds., Geologic excursions in California and 
Nevada: tectonics, stratigraphy and hydrogeology: Pacific Section, SEPM 
(Society for Sedimentary Geology) Book 108, p. 103–171. 
 
Holk, G.J., Grove, M., Jacobson, C.E., and Haxel, G.B., 2016, A two-stage fluid history  
for the Orocopia Schist and associated rocks related to flat subduction and 
exhumation, southeastern California: International Geology Review,  
doi: 10.1080/00206814.2016.1227729 
 
Hourigan, J.K., Reiners, P.W., and Brandon, M.T., 2005, U-Th zonation-dependent  
alpha-ejection in (U-Th)/He chronometry: Geochimica et Cosmochimica Acta, v. 
69, no. 13, p. 3349-3365. 
 
House, M.A., Wernicke, B.P., and Farley, K.A., 2001, Paleogeomorphology of the Sierra  
Nevada, California, from (U-Th)/He ages in apatite: American Journal of Science,  
v. 301, no. 2, p. 77– 102, doi:10.2475/ajs.301.2.77. 
 
Ingersoll, R.V., 1982, Triple-junction instability as cause for late Cenozoic extension and  
fragmentation of the western United States: Geology, v. 10, p. 621–624, 
doi:10.1130/0091-7613(1982)10<621:TIACFL>2.0.CO;2. 
 
Ingersoll, R.V., Pratt, M.J., Davis, P.M., Caracciolo, L., Day, P.D., Hayne, P.O., Petrizzo,  
D.A., Gingritch, D.A., Cavazza, W., Critelli, S., Diamond, D.S., Coffey, K.T., 
Stang, D.M., Hoyt, J.F., Reith, R.C., and Hendrix, E.D., 2014, Paleotectonics of a 
complex Miocene half graben formed above a detachment fault: The Diligencia 
basin, Orocopia Mountains, southern California: Lithosphere, v. 6, no. 3, p. 157-
176. doi: 10.1130/L334.1. 
 
Jacobson, C.E., 1983a, Relationship of deformation and metamorphism of the Pelona  
Schist to movement on the Vincent thrust, San Gabriel Mountains, southern 
California: American Journal of Science, v. 283, p. 587–604. 
 
Jacobson, C.E., Dawson, M.R., and Postlethwaite, C.E., 1987, Evidence for late-stage  
normal slip on the Orocopia thrust and implications for the Vincent–Chocolate 
Mountains thrust problem: Geological Society of America Abstracts with 
Programs, v. 19, no. 7, p. 714. 
 
  
92 
Jacobson, C.E., 1983a, Relationship of deformation and metamorphism of the Pelona  
Schist to movement on the Vincent thrust, San Gabriel Mountains, southern 
California: American Journal of Science, v. 283, p. 587–604. 
 
Jacobson, C.E., 1990, The 40Ar/39Ar geochronology of the Pelona Schist and 
related rocks, southern California: Journal of Geophysical Research, 
v. 95, p. 509–528. 
 
Jacobson, C.E., 1995, Qualitative thermobarometry of inverted metamorphism in the  
Pelona and Rand Schists, southern California, using calciferous amphibole in 
mafic schist: Journal of Metamorphic Geology, v. 13, p. 79–92. 
 
Jacobson, C.E., and Dawson, M.R., 1995, Structural and metamorphic evolution of the  
Orocopia Schist and related rocks, southern California: Evidence for late 
movement on the Orocopia fault: Tectonics, v. 14, p. 933–944, doi: 
10.1029/95TC01446. 
 
Jacobson, C.E., Oyarzabal, F.R., and Haxel, G.B., 1996, Subduction and exhumation of  
the Pelona-Orocopia-Rand Schists, southern California: Geology, v. 24, p. 547–
550. 
 
Jacobson, C.E., Barth, A.P., and Grove, M., 2000, Late Cretaceous protolith age and  
provenance of the Pelona and Orocopia Schists, southern California: Implications 
for evolution of the Cordilleran margin: Geology, v. 28, p. 219–222. 
 
Jacobson, C.E., Grove, M., Stamp, M.M., Vuc´ic´, A., Oyarzabal, F.R., Haxel, G.B.,  
Tosdal, R.M., and Sherrod, D.R., 2002, Exhumation history of the Orocopia 
Schist and related rocks in the Gavilan Hills area of southeasternmost California, 
in Barth, A., ed., Contributions to crustal evolution of the southwestern United 
States: Geological Society of America Special Paper 365, p. 129–154. 
 
Jacobson, C.E., Grove, M., Vucic, A., Pedrick, J.N., and Ebert, K.A., 2007, Exhumation  
of the Orocopia Schist and associated rocks of southeastern California: Relative 
roles of erosion, synsubduction tectonic denudation, and middle Cenozoic 
extension: Geological Society of America Special Paper, v. 419, p. 1–37.  
 
Jacobson, C.E., Grove, M., Pedrick, J.N., Barth, A.P., Marsaglia, K.M., Gehrels, G.E.,  
and Nourse, J.A., 2011, Late Cretaceous–early Cenozoic evolution of the southern 
California margin inferred from provenance of trench and forearc sediments: 
Geological Society of America Bulletin, v. 123, no. 3–4, p. 485–506. 
 
Johnston, I.M., 1961, Eocene foraminifera from the lower Maniobra Formation, Orocopia  
Mountains, Riverside County, California [M.A. thesis]: University of California, 
Berkeley, 93 p. 
 
  
93 
Ketcham, R.A., 2005, Forward and inverse modeling of low-temperature  
thermochronometry data: Reviews in mineralogy and geochemistry, v.58, no. 1, p. 
275-314. 
 
Kidder, S., and Ducea, M.N., 2006, High temperatures and inverted metamorphism in the  
schist of Sierra de Salinas, California: Earth and Planetary Science Letters, v. 241, 
no. 3–4, p. 422– 437, doi:10.1016/j.epsl.2005.11.037. 
 
Kidder, S.B., Frederic, H., Saleeby, J., Avouac, J., Ducea, M.N., and Chapman, A.D.,  
2013, Shear heating not a cause of inverted metamorphism: Geology, v. 41, no. 8, 
p. 899-902. 
 
Law, R.D., Eriksson, K., and Davisson, C., 2001, Formation, evolution, and inversion of  
the middle Tertiary Diligencia basin, Orocopia Mountains, southern California: 
Geological Society of America Bulletin, v. 113, p. 196– 221. 
  
Lishansky, R.E., 2011, Multi-stage exhumation history of the Orocopia schist of southern  
California and southwestern Arizona [M.S. Thesis]: Iowa State University, 128 p. 
 
Liu, L., Spasojevic, S., and Gurnis, M., 2008, Reconstructing Farallon plate subduction  
beneath North America back to the Late Cretaceous: Science, v. 322, p. 934–938,  
doi:10.1126/science .1162921.  
 
Liu, L., Gurnis, M., Seton, M., Saleeby, J., Muller, R.D., and Jackson, J., 2010, The role  
of oceanic plateau subduction in the Laramide orogeny: Nature Geoscience, v. 3, 
p. 353–357, doi:10 .1038/ngeo829. 
 
Malin, P.E., Goodman, E.D., Henyey, T.L., Li, Y.G., Okaya, D.A., and Saleeby, J.B.,  
1995, Significance of seismic reflections beneath a tilted exposure of deep 
continental crust, Tehachapi Mountains, California: Journal of Geophysical 
Research, v. 100, p. 2069–2087, doi: 10.1029/94JB02127. 
 
McNabb, J.C., Dorsey, R.J., Housen, B.A., Dimitroff, C.W., and Messé, G.T., 2017,  
Stratigraphic record of Pliocene-Pleistocene basin evolution and deformation 
within the Southern San Andreas Fault Zone, Mecca Hills, California: 
Tectonophysics, in press. 
 
Moser, A.C., Evans, J.P., Ault, A.K., Janecke, S.U., and Bradbury, K.K., (U-Th)/He  
thermochronometry reveals Pleistocene punctuated deformation and synkinematic 
hematite mineralization in the Mecca Hills, southernmost San Andreas Fault zone, 
in review, Earth and Planetary Science Letters. 
 
Nicholson, C., Sorlien, C.C., Atwater, T., Crowell, J.C., and Luyendyk, B.P., 1994,  
  
94 
Microplate capture, rotation of the western Transverse Ranges, and initiation of 
the San Andreas transform as a low-angle fault system: Geology, v. 22, p. 491–
495, doi:10.1130/0091-7613(1994)022<0491:MCROTW>2.3.CO;2. 
 
Orme, D.A., Reiners, P.W., Hourigan, J.K., and Carrapa, B., 2015, Effects of inherited  
cores and magmatic overgrowths on zircon (U!Th)/He ages and age!eU trends 
from Greater Himalayan sequence rocks, Mount Everest region, Tibet: 
Geochemistry, Geophysics, Geosystems, v. 16, no. 8, p. 2499-2507. 
 
Orme, D.A., Guenthner, W.R., Lakowski, A.K., and Reiners, P.W., 2016, Long-term  
tectonothermal history of Laramide basement from zircon-He age-eU 
correlations: v. 453, pg. 119-130. 
 
Oyarzabal, F.R., Jacobson, C.E., and Haxel, G.B., 1997, Extensional reactivation of the  
Chocolate Mountains subduction thrust in the Gavilan Hills of southeastern 
California: Tectonics, v. 16, p. 650–661, doi: 10.1029/ 97TC01415. 
 
Richard, S.M., 1989, The Chocolate Mountains anticlinorium in the Middle Mountains,  
SW Arizona: Geological Society of America Abstracts with Programs, v. 21, no.  
6, p. A64. 
 
Robinson, K.L., and Frost, E.G., 1989, Orocopia Mountains detachment system:  
Progressive ductile to brittle development of a tilted crustal slab during regional 
extension: Geological Society of America Abstracts with Programs, v. 21, no. 5, 
p. 135.  
 
Robinson, K.L., and Frost, E.G., 1991, Tertiary extension and basin development in  
southern California: The temporal similarity, style of deformation and crustal  
geometry in the Orocopia Mountains and the San Joaquin Hills: Geological 
Society of America Abstracts with Programs, v. 23, no. 5, p. A132–A133.  
 
Robinson, K.L., and Frost, E.G., 1996, Orocopia Mountains detachment system:  
Progressive development of a tilted crustal slab and a half-graben sedimentary 
basin during regional extension, in Abbott, P.L., and Cooper, J.D., eds., American 
Association of Petroleum Geologists Field Conference Guide 73: Bakersfield, 
California, Pacific Section, American Association of Petroleum Geologists, p. 
277–284. 
 
Saleeby, J., 2003, Segmentation of the Laramide slab—Evidence from the southern  
Sierra Nevada region: Geological Society of America Bulletin, v. 115, p. 655–
668. 
 
Saleeby, J., Farley, K.A., Kistler, R.W., and Fleck, R., 2007, this volume, Thermal  
evolution and exhumation of deep-level batholithic exposures, southernmost  
Sierra Nevada, California, in Cloos, M., et al., eds., Convergent margin terranes  
  
95 
and associated regions: A tribute to W.G. Ernst: Geological Society of America  
Special Paper 419, doi: 10.1130/2006.2419(01). 
 
Sharman, G.R., Graham, S.A., Grove, M., and Hourigan, J.K., 2013, A reappraisal of the  
early slip history of the San Andreas fault, central California, USA: Geology, v. 
41, p. 727–730, doi:10 .1130/G34214.1. 
 
Sharry, J., 1981, The geology of the western Tehachapi mountains, California [Ph.D.  
thesis]: Cambridge, Massachusetts Institute of Technology, 215 p. 
 
Sherrod, D.R., and Tosdal, R.M., 1991, Geologic setting and Tertiary structural evolution  
of southwestern Arizona and southeastern California: Journal of Geophysical 
Research, v. 96, p. 12,407–12,423. 
 
Silver, L.T., McKinney, C.R., Deutsch, S., and Bolinger, J., 1963, Precambrian age  
determinations in the western San Gabriel Mountains, California: Journal of  
Geology, v. 71, p. 196–214. 
 
Spittler and Arthur, 1982"Spittler, T.E., and Arthur, M.A., 1973, Post Early Miocene  
displacement along the San Andreas fault in southern California, in Kovach, R.L., 
and Nur, A., eds., Proceedings of the conference on tectonic problems of the San 
Andreas fault system: Stanford University Publications, Geological Sciences, v. 
13, p. 374–382.  
 
Squires, R.L., and Advocate, D.M., 1986, New early Eocene mollusks from the Orocopia  
Mountains, southern California: Journal of Paleontology, v. 60, p. 851–864. 
 
Sylvester, A.G., and Smith, R.R., 1976, Tectonic transpression and basement controlled  
deformation in San Andreas fault zone, Salton Trough, California: American  
Association of Petroleum Geologists Bulletin, v. 60, p. 2081–2102. 
 
Tagami T., Farley, K.A., and Stockli, D.F., 2003, (U-Th)/He geochronology of single  
zircon grains of known Tertiary eruption age, Earth and Planetary Science Letters, 
v. 207, no. 1, p. 57–67. 
 
Reiners, P.W., Spell, T.L., Nicolescu, S., Zanetti, K.A., 2004, Zircon (U-Th)/He  
thermochronometry: He diffusion and comparisons with 40Ar/39Ar dating: 
Geochimica et Cosmochimica Acta, v. 79, p. 60-78. 
 
Wood, D.J., and Saleeby, J.B., 1997, Late Cretaceous–Paleocene extensional collapse  
and disaggregation of the southernmost Sierra Nevada batholith: International 
Geology Review, v. 39, p. 973–1009. 
 
  
96 
Woodhead, J.A., Rossman, G.R., and Silver, L.T., 1991, The metamictization of zircon: 
radiation dose-dependent structural characteristics. American Mineralogist 76, 74-
82. 
 
Yeats, R.S., 1968, Southern California structure, seafloor spreading, and history of the  
Pacific basin: Geological Society of America Bulletin, v. 79, p. 1693–1702. 
  
  
97 
CHAPTER IV 
SUMMARY AND CONCLUSIONS 
 
 
 The Mecca Hills are an area of active exhumation and deformation resulting from 
transpression on the adjacent San Andreas Fault (SAF) and complex tectonics of the 
Eastern California Shear zone at the eastern edge of the range (Sylvester and Smith, 
1976; Dickinson and Snyder, 1979; Damte, 1997; Rymer, 2000; Thatcher et al., 2016). 
Prior work in the Mecca Hills focused on the SAF-related sedimentary record of basin 
development and fault zone evolution (Sylvester and Smith, 1976; Sheridan et al., 1994a; 
Sheridan et al., 1994b). Crystalline basement rocks exposed in the Mecca Hills are 
significantly older than the Pleistocene sedimentary units and are cut by the SAF-related 
faults (Dibblee 1954; Sylvester and Smith, 1976). We hypothesized that crystalline 
basement rocks of the Mecca Hills preserve a more extensive record of (1) the evolution 
of SAF-related deformation than what has been documented in the sedimentary units, and 
(2) pre-SAF deformation related to exhumation and cooling of the exposed basement 
terrane from depth. The goal of this work was to present a basement perspective on the 
deformation of the Mecca Hills by integrating field studies, fault zone microstructural, 
and geochemical studies with low-temperature thermochronometry analyses of crystalline 
basement rocks of the Mecca Hills. 
 Chapter II of this study presents geochemical, microstructural, and hematite (U-
Th)/He datasets from crystalline basement-hosted fault damage zones in the Mecca Hills. 
These data are combined with apatite (U-Th)/He data from discrete fault blocks to reveal 
punctuated phases of Pleistocene concomitant fault slip, fluid flow, and syn-kinematic 
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hematite mineralization during active and rapid exhumation of a discrete fault block 
between the Painted Canyon and Platform faults. These results are consistent with ~1.3-
1.1 Ma tectonic reorganization of the southernmost SAF and the hypothesis that 
punctuated deformation phases (localized in space and short-lived in time) may be 
characteristic of transpressional regimes adjacent to strike-slip fault systems (Janecke et 
al., 2010; Spotila et al., 2001; Spotila and Dorsey, 2012). Micro- and nano-scale hematite 
textures suggest synkinematic hematite mineralization and subsequent intermittent 
accommodation of deformation by crack-sealing and sliding along hematite platelets 
occurred in the Mecca Hills hematite-coated slip surfaces. These processes may be a 
common deformation mechanism active in other hematite-coated faults. The data and 
interpretations presented in chapter II provide evidence for off-SAF alteration, 
exhumation, and slip in a section of the southernmost SAF. Further, the results of chapter 
II illustrate how integrating low-temperature thermochronometry of fault-related rocks 
within a structural context can define the timing and nature of fault damage zone 
processes and spatially and temporally isolated phases of deformation in actively 
deforming areas. 
 Chapter III presents 39 individual zircon (U-Th)/He analyses from seven samples 
across the Orocopia Schist and gneisses in the Mecca Hills. Previous detailed 
petrographic and thermal history studies of correlated units in the Orocopia Mountains 
suggests this basement complex underwent two phases of rapid cooling in the Eocene and 
Late Oligocene-Early Miocene (Jacobson, 1990; Jacobson et al., 1996; Oyarzabal et al., 
1997; Jacobson et al., 2007). The zircon (U-Th)/He data provide insight into whether this 
same thermal history applies to the Orocopia Schist and gneisses in the Mecca Hills, as 
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well as the magnitude of cooling associated with each phase of rapid cooling. Six of the 
seven samples show mean dates of ~24 Ma with individual analyses displaying no 
correlation between ZHe date and eU, elevation, or significant correlation with grain size. 
These date-eU patterns suggest rapid cooling of crystalline basement rocks in the Mecca 
Hills at ~24 Ma, which is consistent with the timing of Late Oligocene to Early Miocene 
cooling documented in the crystalline basement rocks exposed in the Orocopia 
Mountains (Jacobson et al., 2007). Future HeFTy forward thermal models will constrain 
the initiation, duration, and magnitude of this Middle Cenozoic cooling episode 
(Guenthner et al., 2014a, b; Orme et al., 2016) from which we will make a direct 
comparison to the purported thermal history of the same rocks in the Orocopia 
Mountains. U-Pb analyses of the zircons will constrain the ages of the crystalline 
basement rocks in the Mecca Hills and the maximum time over which these zircons may 
have been accumulating radiation damage. These data are required to produce meaningful 
thermal models from the zircon (U-Th)/He data (Guenthner et al., 2013). 
 These integrated fault zone and low-temperature thermochronometry studies 
provide insight into two distinct timeframes of the deformation history of the Mecca 
Hills. Together, these data document new details of Late Oligocene-Early Miocene and 
Pleistocene deformation in the Mecca Hills. Crystalline basement rocks in the Mecca 
Hills were rapidly exhumed to shallow crustal levels (~3-6 km depth) around ~24 Ma. 
The gneissess between the Painted Canyon and Platform faults were later subjected to a 
second phase of rapid exhumation at ~1 Ma and synkinematic hematite mineralization as 
these rocks made their final ascent to the surface. These results and interpretations have 
implications for integrating multiple low-temperature thermochronometers within a 
  
100 
structural context. Doing so in this study has allowed us to reconstruct more than the 
most recent phase of exhumation, associated cooling, and deformation. 
 Several outstanding questions remain regarding the Late Oligocene-Early 
Miocene and Pleistocene phases of deformation in the Mecca Hills. We interpret our 
hematite (U-Th)/He dates as recording the timing of hematite mineralization within the 
Painted Canyon Fault crystalline basement damage zone. Further, different fault surfaces 
yield statistically significantly different hematite (U-Th)/He dates, suggesting that some 
hematite slip-surface coatings may represent discrete hematite precipitation events, rather 
than multiple generations of hematite. This begs the question: did different orientations of 
hematite-coated slip surfaces form during discrete time intervals? Answering this 
question requires detailed analysis of hematite slip surface orientation patterns coupled 
with precise sampling and comparison of hematite (U-Th)/He dates from differently 
oriented surfaces. The resulting presence or absence of date-orientation patterns might 
thus inform the evolution of SAF-related stress in the Mecca Hills or hold implications 
for sampling multiple generations of hematite within a single dated aliquot. 
 The workflow applied in Chapter 2 constrains not only the timing but also the 
nature of deformation within the PCF zone. The apatite He and hematite He date patterns 
combined with the micro- to nano-scale textures and geochemical data suggest 
synkinematic hematite mineralization within the PCF zone. At the nano-scale hematite 
platelets are non-brecciated and are arranged in a stacked or shingled pattern. The 
undeformed nature of the hematite platelets suggests the conditions and mechanisms of 
hematite emplacement and mineralization were such that the hematite platelets and 
sheetlets were preserved after mineralization. Further, hematite scaly fabric and crack 
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seal textures suggest hematite plates may distribute slip along grain boundaries, possibly 
promoting creep processes. However, presently there is no way to definitively state either 
of these interpretations. Hematite mineralization and deformation experiments might be 
able to shed light on the mechanics and nature of hematite mineralization and 
emplacement and whether hematite plates are able to promote creep. 
 Presently, it is not possible to resolve whether young and uniform apatite (U-
Th)/He dates within the Platform Block result from focused exhumation, localized 
hydrothermal fluid flow and resulting elevated geothermal gradient, or some combination 
of both. As discussed in chapter II, we prefer the focused exhumation hypothesis as the 
geologic evidence does not support the idea of hydrothermal fluids and resulting elevated 
geothermal gradient as restricted to the Platform Block. Nonetheless, to fully address this 
question, it would be necessary to model what temperature fluids over what time are 
required to induce young and uniform dates over the eU range seen in our apatite He 
dataset. The temperature of the fluids moving through the crystalline basement rocks in 
the Mecca Hills could be independently constrained by fluid inclusion microthermometry 
data. The duration and temperature of fluids may have implications for the micro- to 
nano-scale textures and alteration minerals expected in Mecca Hills fault-related rocks 
and the “unaltered” off-fault crystalline basement rocks. For the hydrothermal fluid flow 
hypothesis to apply, hydrothermal fluid flow would have to be ubiquitous across the 
Platform Block and not restricted to the Painted Canyon and Platform fault damage 
zones, as we present young apatite (U-Th)/He data from the center of the Platform Block 
away from the main traces of the Painted Canyon and Platform faults. 
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 Our young and uniform apatite (U-Th)/He dates come from crystalline basement 
samples directly below the basement-sediment interface, and as such provide evidence 
that further low-temperature thermochronometry data might constrain the age of the 
unconformity in the Platform Block. Apatite (U-Th)/He results from basement and 
sedimentary sample pairs from directly above and below the basement-sediment interface 
would directly constrain the age of the unconformity. If the apatite (U-Th)/He dates from 
these sample pairs were the same, it would require the sedimentary and crystalline 
basement rocks above and below the unconformity were subject to the same time-
temperature history. It would thus follow that either the sedimentary rocks were 
deposited on top of the basement rocks, with the resulting unconformity subsequently 
subject to temperatures above the apatite (U-Th)/He closure temperature, or that the 
sediments were derived from a source with the same time-temperature history as the 
underlying basement. This result would provide a minimum age for the unconformity in 
the Platform Block. However, if apatite (U-Th)/He dates from directly above and below 
the unconformity were different, it would require that sediments were deposited after the 
basement rocks at the surface today had last cooled through the apatite (U-Th)/He closure 
temperature, whether that resulted from exhumational cooling or hydrothermal fluids. 
This result would place a maximum date on the age of the unconformity in the Platform 
Block. 
 The hematite and apatite (U-Th)/He data presented in this study reveal punctuated 
Pleistocene deformation phases of ~1 Ma discrete fault block exhumation and syn-
kinematic hematite mineralization as these rocks have continued to move towards the 
surface. Spatially and temporally localized phases of deformation are hypothesized and 
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documented in a variety of fault settings, but the mechanisms of punctuated deformation 
are very poorly understood (e.g. Spotila et al., 2001; Luttrell et al., 2006; Dolan et al., 
2007; Karow and Hampel, 2010; Spotila and Dorsey, 2012; Perouse and Wernicke, 
2015). Previous workers have proposed the suppression of fault activity from other active 
fault systems (Dolan et al., 2007), varying strain accumulation (Perouse and Wernicke, 
2015), and the dynamic effects of lake filling and draining on the local stress state 
(Luttrell et al., 2007; Karow and Hampel, 2010) as mechanisms for spatiotemporally 
clustered fault activity. Resolving the potential for each proposed mechanism to result in 
punctuated deformation phases would require mechanical modeling to assess how each 
above possibility would affect the state of stress and fault system dynamics (e.g. 
Fattaruso et al., 2016). Results from such a modeling study may hold implications for 
earthquake recurrence intervals and seismic hazards in the southernmost SAF system. 
 Young and uniform dates between the Painted Canyon and Platform faults also 
suggest that exhumation shifted away from the main trace of the SAF around ~1 Ma. As 
noted in chapter II, this does not preclude continued strike-slip motion on the main trace 
of the SAF during this time or continued deformation between the SAF and Painted 
Canyon Fault. However, this may signal a transfer in the vertical component of 
deformation away from the main trace of the SAF. If so, these data may have 
implications for evolving wavelengths of deformation in the Mecca Hills during the 
Pleistocene. A shift in the vertical component of deformation away from the SAF could 
reflect an increase in the width of the fault zone actively accommodating deformation. If 
deformation had exclusively been accommodated between the SAF and Painted Canyon 
faults prior to 1 Ma, widening the actively deforming terrane to include the Platform 
  
104 
Block would correspond to a ~150-200% increase in the width of the area actively 
accommodating deformation. Further consideration of these hypotheses would have 
implications for strain partitioning as the SAF in the Mecca Hills evolved through the 
Pleistocene. 
 The proxy for radiation damage accumulation (the primary control on closure 
temperature) in the zircon (U-Th)/He system is eU (U + 0.235 × Th) concentration in 
zircon grains (Guenthner et al., 2013). The accumulation of radiation damage in zircons 
also results in metamictization of the grains. This metamictization manifests visually in 
zircons such that grains appear transparent to opaque and discolored. Individual zircon 
(U-Th)/He analyses from this study display a wide range of eU (89-2946 ppm) and 
corresponding visual metamictization. Despite this, our dataset is characterized by a 
uniform date-eU correlation. This uniform date-eU correlation combined with the visual 
preservation of radiation damage accumulation indicates these samples were subject to 
temperatures such that the zircon (U-Th)/He dates were reset, but the radiation damage in 
the grains was not annealed. This holds significant implications for the temperature 
ranges over which radiation damage in zircons is annealed and accumulated. 
 Within the zircon (U-Th)/He dataset, one sample (PFS2) yields a significantly 
older mean date (65.0 ± 5.6 Ma) when compared to the remainder of the dataset. This 
suggests this sample was collected from within a separate structural domain of the 
gneisses which sat at shallower crustal levels than the rest of the samples prior to Late 
Oligocene-Early Miocene exhumation (Jacobson et al., 2007). In the Platform Block, a 
population of faults with cm-wide zones of foliated cataclasite cut the gneisses but do not 
continue into the overlying sedimentary units. The presence of these structures provides 
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independent evidence for juxtaposition of structural domains that may have been subject 
to different time-temperature histories. Further detailed kinematic, petrographic, and 
additional geo and thermochronometry studies might thus provide additional insight into 
the assembly of crystalline basement rocks in the Mecca Hills. 
 In the Orocopia Mountains, the Orocopia Mountains Detachment Fault is the 
contact between the Orocopia Schist and gneisses (Jacobson et al., 1987, 1988; Jacobson, 
1990; Jacobson et al., 1996; Oyarzabal, 1997; Jacobson et al., 2007). The Orocopia 
Mountains Detachment Fault has been folded by the Chocolate Mountains Anticlinorium; 
the resulting geometries suggest the western limb of the anticlinorium exposed in the 
Mecca Hills should contain a continuation of the Orocopia Mountains Detachment Fault 
(Jacobson et al., 2007). Some crystalline basement exposures in the Mecca Hills may thus 
contain some key insight on the presence of the Orocopia Mountains Detachment Fault in 
the Mecca Hills (Jacobson et al., 2007). Based on the current geologic map of the Mecca 
Hills, the only localities where the contact between the Orocopia Schist and gneisses is 
exposed are in Painted Canyon, where the contact between these units is Platform Fault, 
and in Eagle Canyon where a non-faulted contact between the Orocopia Schist and 
gneisses is mapped (Dibblee, 1954; Sylvester and Smith, 1976; Jacobson et al., 2007; 
McNabb et al., 2017). Strategic sampling and petrographic analysis in these localities 
combined with detailed kinematic mapping of Orocopia Schist foliations and lineations 
throughout the Mecca Hills may constrain the location and orientation of the Orocopia 
Mountains Detachment Fault within the Mecca Hills. 
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Table A.1. Additional fault data from crystalline basement fault zones 
  
 
Painted(Canyon(Fault
PCFS6(1(33°36'57.26"N+115°59'54.19"W
Host:(Gneisses
Type Strike Dip Direction Notes
flt 94 68 S flt6orientation611.46m6from6(0)6
flt 277 73 S flt6orientation611.46m6from6(0)6
ss 84 55 S delicate6clay6slip6surf
ss 290 60 S delicate6clay6slip6surf
PCFS6(Hematite(1(33°36'58.17"N+115°59'51.79"W
Host:(Upper(Plate
Type Strike Dip Direction Notes
ss 150 58 W
ss 168 6 W
ss 138 68 W
ss 296 74 N
ss 87 27 S
ss 77 70 S
ss 28 71 E
ss 288 89 N
ss 19 76 E
ss 102 60 S
ss 110 65 S
ss 112 63 S
ss 110 63 S
ss 112 60 S
ss 118 61 S
ss 84 57 S
ss 154 44 W
ss 30 69 E
ss 144 67 W
ss 122 44 S
ss 295 85 N
ss 150 56 W
ss 30 74 E
ss 126 64 S
ss 132 72 S
ss 137 54 W
ss 130 54 S
ss 139 71 W
ss 133 59 S
ss 122 68 S
ss 66 71 S
ss 116 73 S
ss 333 78 E
ss 118 71 S
ss 299 84 N
ss 34 62 E
ss 70 48 S
ss 137 73 W
ss 106 67 S
ss 141 46 W
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ss 103 60 S
ss 174 80 W
ss 342 80 E
ss 341 88 E
ss 149 66 W
ss 223 73 W
ss 203 23 W
ss 331 33 E
ss 290 57 N
ss 302 15 N
ss 196 86 W
ss 167 56 W
ss 194 87 W
ss 352 58 E
ss 17 69 E
ss 22 84 E
ss 198 83 W
ss 12 71 E
ss 196 80 W
PCFAH&'&33°37'0.30"N)116°)0'2.80"W
Host:&Upper&Plate
Type Strike Dip Direction Notes
ss 204 78 W ss<in<PCF<damage<zone
ss 209 75 W ss<in<PCF<damage<zoneE<gypsum<crystals
ss 30 70 NW slip<vector<34<NE
ss 99 64 S ss<in<sedIy<gouge
ss 275 87 S rake<25<from<the<E<ss<in<sedIy<gouge
ss 95 60 SW sed<gouge
ss 109 82 N sed<gouge
ss 282 85 S sed<gouge
ss 240 68 NW sed<gouge
ss 72 65 NW rake<09I24<from<the<E<ss<in<sedIy<gouge
ss 283 85 NE sedIy<gouge
ss 255 68 N rake<19<from<the<NEE<sedIy<gouge
ss 273 89 S sedIy<gouge
ss 257 85 SE sedIy<gouge
ss 263 86 S sedIy<gouge
ss 265 77 SE sedIy<gouge
PCFS5&'&33°36'57.71"N)116°)0'6.62"W
Host:&Upper&Plate
Type Strike Dip Direction Notes
flt/ss 37 76 SE 1<cm<of<gougeE<strike<slip<lineations<on<surface
ss 33 77 NW fault<splay
Platform&Fault
PFS1&'&33°38'1.36"N)115°59'30.42"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
ss 354 39 E rake<55<from<south
ss 345 60 E slip<vector<degrees<down<from<the<the<SE
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ss 77 76 SE no(slip(vector(seen
ss 79 87 SE rake(60(from(the(east
ss 279 78 S no(visible(slip(vector
ss 145 43 NE rake(80(from(the(south
ss 275 78 S slip(vector(hard(to(determine
ss 110 41 N rake(a(few(degrees(from(the(east((<5)
ss 298 53 S rake(80(from(the(east
ss 102 83 S rake(30(from(the(E
ss 265 85 S rake(45(from(the(E
ss 117 46 S no(visible(slip(vector
ss 267 60 NE horizontal(slip(vector
ss 92 84 S rake(20(from(the(W
ss 108 77 S no(visible(slip(vector
ss 247 73 N rake(65(from(the(W
ss 287 76 S rake(80(from(the(East
ss 237 85 S rake(75(from(the(W
ss 100 80 S rake(90
ss 262 80 S no(visible(slip(vector
ss 268 80 S no(visible(slip(vector
ss 235 60 SE rake(65(from(the(W
ss 95 75 N rake(50(from(the(E
ss 344 40 NE rake(30(from(the(SE
ss 255 70 N rake(55(from(the(E
ss 273 71 N rake(30(from(the(E
ss 99 45 S no(visible(slip(vector
ss 274 50 S
ss 214 54 E rake(few(degrees(from(the(N
ss 242 26 SE rake(20(from(the(NE
ss 109 64 S no(slip(vector
ss 35 42 SE rake(35(from(the(S
ss 35 72 SE rake(72(from(the(SW
ss 118 78 S rake(35(from(the(E
ss 136 86 SW rake(42(from(the(SE
ss 290 51 NE rake(70(from(the(E
ss 286 39 S rake(80(from(the(SE
ss 45 73 S rake(horizontal
ss 93 42 S rake(70(from(the(W
ss 5 72 E rake(45(from(the(N
ss 50 60 S rake(10(from(the(W
ss 285 40 S no(slip(vector
ss 166 60 SW rake(40(from(the(S
ss 110 76 W rake(80(from(the(SE
ss 14 76 E rake(20(from(the(S
ss 50 55 SE horizontal(slicks(I(nice(Fe(coated(fault
ss 50 56 SE rake(80(from(the(EK(
ss 50 72 SE rake(50(from(the(S
ss 57 76 SE no(slip(vector
ss 70 56 S rake(80(from(the(E
ss 39 77 E rake(35(from(the(S
ss 45 60 S rake(80(from(the(W
ss 61 44 E rake(75(from(the(S
ss 277 74 N rake(85(from(the(W
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ss 229 81 SE
ss 95 45 N no-slip-vector
PFS1%&%33°38'1.36"N*115°59'30.42"W
Host:%Upper%Plate
Type Strike Dip Direction Notes
ss 144 80 SW from-in-fault-core-@-KKB-took-measurement
ss 110 77 SW pure-strike@slip-slickenlines
flt 310 41 NE KKB-measurement
flt 236 28 SW trend/plunge-slicks-137/22-SE
flt 247 67 NW 11.5@11.75-m-along-transect
ss 338 84 E no-notes
ss 303 79 N no-notes
ss 207 88 SE amazing-irridescent-surface
flt 225 69 NW
ss 38 84 NW slicks-T/P-222/90
ss 6 89 W slicks-T/P-002/53-SE
ss 275 56 SE slicks-T/P-123/37-SE
flt 258 39 NW
flt 262 46 NW
flt 275 56 NW
ss 214 71 NW
ss 357 56 NE T/P-slicks-171/08-SE
ss 223 22 SE
ss 170 42 NE T/P-slicks-003/07-NW
ss 158 62 NE T/P-slicks-146/23-SE
ss 320 89 SW no-notes
ss 131 89 SW no-notes
ss 130 76 S no-notes
ss 222 87 W no-notes
ss 314 88 SW no-notes
ss 212 87 E no-notes
ss 308 79 NE no-notes
ss 34 79 NE no-notes
PFS2%&%33°37'49.50"N*115°59'20.16"W
Host:%Upper%Plate
Type Strike Dip Direction Notes
ss 301 57 SW rake-60-from-the-SE
ss 133 58 NE data-from-Arroyo-Fault-SE-wall
ss 142 73 NE data-from-Arroyo-Fault-SE-wall
ss 302 72 NE data-from-Arroyo-Fault-SE-wall
ss 139 58 NE main-PFP-strike-slip-and-dip@slip-slip-vectors
flt 320 30 NE
flt 260 83 NW
ss 228 88 NW
flt 76 42 NW
flt 102 24 SW
ss 350 55 NW
ss 295 66 SW T/P-slicks-094/11-W
flt 96 59 SW
flt 252 83 N
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flt 276 36 N
flt 8 70 W T/P/slicks/007/35/N
ss 284 55 N
ss 250 76 NE
ss 117 42 N
ss 114 61 N
ss 217 35 W
ss 267 39 NW
ss 81 53 NW
ss 79 74 N
ss 327 88 NE rake/07/from/the/SE
ss 327 81 SW
ss 326 79 SW
ss 318 85 S rake/07/from/the/N
flt 150 56 SW
flt 347 63 SW
flt 146 66 SW
flt 333 64 SW
SLA$%$33°37'49.35"N+115°59'24.97"W
Host:$Upper$Plate
Type Strike Dip Direction Notes
ss 94 70 S
ss 207 35 W
ss 265 25 N
ss 160 78 W
ss 165 63 W
ss 160 58 W
ss 17 87 E
ss 104 81 S
ss 135 18 S
ss 289 81 N
ss 103 83 S
ss 310 63 N
ss 193 26 W
ss 200 58 W
ss 91 59 S
ss 3 84 E
ss 259 46 N
ss 174 46 W
ss 221 85 W
ss 221 63 W
ss 179 45 W
ss 206 56 W
ss 5 85 E
ss 52 73 S
ss 3 76 E
ss 58 88 S
ss 263 69 N
ss 14 82 E
ss 66 74 S
ss 257 42 N
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ss 170 17 W
ss 284 78 N
ss 240 76 N
ss 210 86 W
ss 268 34 N
ss 239 71 N
ss 58 62 S
ss 69 75 S
ss 14 22 E
ss 45 70 E
ss 177 38 W
ss 356 33 E
ss 98 31 S
ss 164 47 W
ss 5 73 E
ss 16 51 E
ss 59 65 S
ss 53 70 S
ss 350 63 E
ss 68 55 S
ss 353 82 E
ss 26 73 E
ss 14 52 E
ss 235 69 N
ss 198 53 W
ss 228 73 N
ss 353 85 E
ss 47 66 S
ss 298 73 N
ss 0 83 E
ss 203 71 W
ss 177 83 W
ss 3 55 E
ss 35 84 E
ss 298 73 N
ss 76 68 S
ss 0 83 E
ss 42 73 E
ss 182 66 W
ss 228 90 N
ss 223 90 W
ss 205 57 W
ss 69 65 S
ss 75 70 S
ss 312 81 N
ss 241 89 N
ss 200 52 W
ss 50 60 S
ss 183 60 W
ss 311 81 N
ss 62 87 S
ss 47 63 S
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ss 40 59 E
ss 8 54 E
ss 39 53 E
ss 23 43 E
ss 9 63 E
ss 288 75 N
ss 53 79 S
ss 15 34 E
ss 30 58 E
ss 262 67 N
ss 26 84 E
ss 152 13 W
ss 159 80 W
ss 62 70 S
ss 174 86 W
ss 264 70 N
ss 98 40 S
ss 194 34 W
ss 276 79 N
ss 59 64 S
ss 78 40 S
ss 37 79 E
ss 156 40 W
ss 55 79 S
ss 34 85 E
ss 201 31 W
ss 318 83 E
ss 267 68 N
ss 57 79 S
ss 39 80 E
ss 250 69 N
ss 54 59 S
ss 43 64 E
ss 121 26 S
ss 38 77 E
ss 66 69 S
ss 146 83 W
ss 140 89 W
ss 221 79 W
ss 301 83 N
ss 219 50 W
ss 110 89 S
ss 200 90 W
ss 241 64 N
ss 250 68 N
ss 177 82 W
ss 236 86 N
ss 239 85 N
ss 163 20 W
ss 49 37 S
ss 29 36 E
ss 71 22 S
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ss 280 24 N
ss 16 35 E
ss 195 62 W
ss 358 24 E
ss 26 37 E
ss 24 22 E
ss 26 41 E
ss 327 50 E
ss 20 52 E
ss 272 38 N
ss 303 76 N
ss 296 64 N
ss 39 55 E
ss 312 80 N
ss 239 55 N
ss 83 53 S
ss 36 75 E
ss 261 56 N
ss 267 33 N
ss 242 42 N
ss 266 52 N
ss 330 35 E
ss 330 58 E
ss 258 56 N
ss 268 67 N
ss 266 46 N
ss 258 54 N
ss 285 39 N
ss 243 27 N
Eagle&Canyon&Fault
ECFS1&0&33°38'11.85"N*115°58'38.37"W
Host:&Orocopia&Schist
type strike dip direction notes
ss 238 68 NW 68;dip;is;minimum;dip,;could;be;as;steep;as;90
ss 355 23 E white;and;FeOx;mineralization
ss 13 37 E white;and;FeOx;mineralization
ss 132 50 N
ss 224 33 SE White;and;FeOx;mineralization
ss 310 70 NE white;mineralization
flt 295 32 S main;ECF;trace
flt 263 25 S main;ECF;trace
ss 326 69 S no;notes
ss 232 10 S in;orocopia
ss 128 29 S IN;orocopia
ss 282 32 S in;orocopia
ss 13 15 S in;orocopia
ss 23 55 W in;orocopia
ss 250 69 SE in;orocopia
SLIP;VECTOR 165 10 S oblique;slip;vector;in;cave
SLIP;VECTOR 175 10 S oblique;slip;vector;in;cave
SLIP;VECTOR 173 10 S oblique;slip;vector;in;cave
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SLIP%VECTOR 182 10 S oblique%slip%vector%in%cave
SLIP%VECTOR 176 10 S oblique%slip%vector%in%cave
SLIP%VECTOR 130 7 SE strike%slip%slip%vector%in%cave
SLIP%VECTOR 145 7 SE strike%slip%slip%vector%in%cave
SLIP%VECTOR 136 7 SE strike%slip%slip%vector%in%cave
SLIP%VECTOR 130 7 SE strike%slip%slip%vector%in%cave
ss 215 26 SE in%orocopia
ss 141 38 SW highly%variable%surface%in%terms%of%orientation
ss 99 23 N in%orocopia
ss 140 47 S in%orocopia
ss 240 72 NW
ss 242 77 NW
ss 244 63 NW
ss 244 59 NW rake%25%from%the%SW
ss 236 57 NW
ss 69 34 NW
ss 241 47 NW
ss 69 65 NW
ss 79 49 NW
ss 255 62 NW
ss 262 63 NW
ss 81 61 NW
ss 238 57 NW
ss 239 49 NW
ss 239 51 NW
ss 60 45 NW
ss 74 50 N
ss 315 73 NE
ss 330 69 NE
ss 238 80 W
ss 52 82 W
ss 350 26 W
ss 69 53 NW
ss 68 54 NW
ss 75 59 NW
ss 256 33 NW
ss 70 79 SE
ss 144 50 NE
ss 323 53 NE
ss 323 87 SW
ss 324 80 SW
ss 244 85 S
ss 171 78 W
ECFS2&'&33°37'50.97"N+115°58'33.63"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
flt 138 67 NE main%fault%here
flt 150 66 NE main%fault%here
flt 134 67 NE main%fault%here
flt 160 70 NE flt%in%orocopia%schist
ss 166 59 SW
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ss 354 52 W
ss 188 42 W
ss 356 42 SW
ss 256 7 N
ss 57 15 W
flt 97 74 SW
ss 315 90 NE
ss 199 82 W
ss 298 75 N
ss 286 75 N
ss 278 60 S
flt 122 52 N 753cm3thick3gouge3zone
Hidden&Springs&Fault
Host:&Orocopia&Schist
HSFS1&7&33°37'0.84"N+115°55'8.61"W
Type Strike Dip Direction Notes
ss 195 22 W slip3vectors3not3identifiable3but3polished3surface
ss 82 11 NW rake353at3most3down3from3the3E
ss 315 79 NE rake3603down3from3the3E
ss 317 89 SW rake3633down3from3the3SEI3mineralized
ss 221 20 NW no3slip3vector3visible
ss 131 84 SW rake3553down3from3the3SE,3mineralized
ss 321 77 NE rake355K603down3from3SE
ss 318 80 NE rake3603down3from3the3SE
fault 310 73 NE
fault 80 73 N fault3breccia3zone353cm3K313m3wide
fault 147 89 SW rake340K503down3from3the3NW
ss 109 57 3N rake3103down3from3the3WI3photos32584K2585
fault 175 83 E principle3slip3surface
flt 166 90 W main3HSFI3slicks3on3surface3near3perfect3strikeKslip
ss 75 84 SE epic3white3slip3surface
ss 26 89 SE epic3white3slip3surface
ss 6 90 E epic3white3slip3surface
ss 314 80 N
ss 313 62 SW
ss 175 84 SW
ss 271 63 SE rake3183NE
ss 255 65 S AMKHSFS1K13115
Ss 273 83 SE
ss 191 45 E
ss 249 62 SE
ss 99 51 SE
flt 322 68 SW
flt 175 88 W same3as3above3flt
ss 348 88 SW
flt 160 88 SE
flt 155 83 SW same3as3above3flt
ss 261 43 S
ss 3 56 SW
ss 337 75 NE
ss 150 68 NE
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ss 358 72 SW
ss 14 30 W
ss 346 84 SW
ss 343 51 NE
ss 332 80 S
ss 165 64 W
ss 168 66 W same2as2above2flt
ss 347 89 E slip2surfaes2between2intact2orocopia2and2gouge
ss 340 87 E slip2surfaces2between2intact2orocopia2and2gouge
ss 173 88 E fault2surface2between2schist2and2gouge
ss 347 83 E fault2surface2between2schist2and2gouge
ss 348 86 E fault2surface2between2schist2and2gouge
ss 354 85 NE slip2surface2in2undeformed2orocopia
ss 124 90 SW slip2surface2in2undeformed2orocopia
ss 194 88 W slip2surface2in2undeformed2orocopia
ss 200 77 E slip2surface2in2undeformed2orocopia
ss 266 53 S slip2surface2in2undeformed2orocopia
ss 83 84 S slip2surface2in2undeformed2orocopia
ss 90 86 N slip2surface2in2undeformed2orocopia
ss 288 79 N mineralized2slip2surfaceE2pure2strikeGslip2slicks
ss 282 82 S mineralized2slip2surface
ss 290 74 N mineralized2slip2surface
ss 100 74 N mineralized2slip2surface
ss 112 81 S mineralized2slip2surface
ss 277 89 S mineralized2slip2surface
ss 284 70 N mineralized2slip2surface
ss 174 84 W pure2strikeGslip2slicks
ss 167 85 E white2leathery2slip2surface2in2orocopia
ss 167 61 SW white2leathery2slip2surface2in2orocopia
ss 114 79 N white2leathery2slip2surface2in2orocopia
ss 184 80 W white2leathery2slip2surface2in2orocopia
ss 314 70 S giant2white2slick2wall
ss 309 68 SW giant2white2slick2wall
ss 130 46 S giant2white2slick2wall
ss 225 64 S giant2white2slick2wall
ss 129 71 S giant2white2slick2wall
ss 307 76 S giant2white2slick2wall
ss 343 55 SW giant2white2slick2wall
ss 256 79 S giant2white2slick2wall
ss 325 75 S white2silicified2slip2surface
ss 331 84 N
ss 313 55 SE hardened2siliciied2material2in2the2fault
ss 285 84 S silicified2slip2surface2from2main2surface
ss 343 82 NE white2slip2surfaces2in2orocopia
ss 352 84 NE white2slip2surfaces2in2orocopia
ss 350 85 NE white2slip2surfaces2in2orocopia
ss 74 40 NW white2slip2surfaces2in2orocopia
HSFS2B&'&33°37'06.10"N+115°55'09.06"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
flt 116 72 N fault2surface2in2host2rock(?)/intact2rock
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ss 155 84 SW rake,of,slicks,25,down,from,the,W
ss 3 67 E
flt 300 77 N fault,surface
ss 109 84 S slip,surface,in,gouge
ss 29 89 W looks,like,slip,surfaces,in,foliation,planes
ss 207 87 E looks,like,slip,surfaces,in,foliation,planes
ss 36 88 E looks,like,slip,surfaces,in,foliation,planes
ss 215 80 W looks,like,slip,surfaces,in,foliation,planes
ss 55 53 S looks,like,slip,surfaces,in,foliation,planes
ss 236 65 S looks,like,slip,surfaces,in,foliation,planes
ss 266 65 N looks,like,slip,surfaces,in,foliation,planes
flt 110 49 N
ss 115 34 N slip,along,foliation,surface
ss 103 59 N slip,along,foliation,surface
flt 300 49 N
flt 297 46 N
flt 337 47 N
ss 302 63 N
ss 311 56 N
ss 43 87 W
ss 210 75 E
ss 294 60 N clay,slip,surf
ss 329 51 S slip,surface
ss 202 77 E
ss 158 72 S
ss 25 72 E
ss 28 75 E
flt 134 69 N 7D45,cm,thick,gouge,zone
ss 68 89 SE
flt 310 60 N
ss 215 89 W
ss 50 88 SE slicks,nearly,pure,strikeDslip
ss 30 89 E
flt 293 72 S
ss 296 86 S slip,surface,in,fault,gouge
ss 59 65 E
ss 197 88 E
ss 32 78 E
ss 145 80 NE
ss 217 89 SE
ss 294 73 S
ss 44 82 SE
ss 332 80 NE
ss 221 87 SE
ss 43 90
ss 49 88 SE
ss 289 85 N
ss 125 69 S
ss 47 54 SE
ss 31 83 SE
ss 112 88 N
ss 100 69 S
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ss 35 82 SE
ss 61 53 SE
ss 99 76 S
ss 95 76 S
ss 215 74 SE
ss 25 82 E
ss 109 73 S
ss 104 71 S
ss 281 74 S
ss 39 74 E
ss 268 83 N
flt 126 42 SW flt3zone3with3gouge3=3major3fault
HSFS2%&%33°34'45.52"N*115°54'12.30"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
ss 256 77 NW rake3033fron3the3E
ss 251 85 NW rake3093down3from3the3NE
ss 244 89 SE rake3153from3the3NE
ss 258 66 NW rake393from3the3W
ss 253 75 N rake3033from3the3NE
ss 244 83 NW rake203from3the3NE
ss 250 83 NW rake3233from3the3NE
ss 254 75 NW
ss 250 89 NW
HSFS2%&33°34'43.16"N*115°53'58.42"W
Host:&Orocopia&Schist
type strike dip direction notes
fault 63 76 NW no3visible3slip3vecetorK3calcite3mineralization
Main%Canyon%Measurements%(No%structure)
Host:%Upper%Plate
Type Strike Dip Direction Notes
fault 153 55 E minor3fault3brecciaK3calcite3mineralization
fault 289 40 N minor3brecciation
fault 75 74 N small3faultK3no3visible3slip3vector
fault 105 52 N maybe3slip3vectors,3hard3to3tellK3throw3is383cm
fault 69 66 N smallK3throw3is3153cm
fault 72 68 N minor3hematite3mineralization
fault 72 45 NW smallK3calcite3vein3displaced3123cm3across3fault
fault 268 20 N hematite3mineralization
fault 291 32 N
fault 46 80 NW epidote3mineralization
fault 323 43 NE fault3follows3foliation3plane
fault 349 65 W smallK3calcite3vein3offset313cm
fault 71 22 NW gneiss3band3offset3153cm
fault 49 68 NW 3.53cm3wide3zone3of3breccia3and3cataclasite
ss 189 24 NW rake3is3253down3from3the3N
ss 37 20 NW rake3is3353down3from3the3N
fault 322 43 NE epidote3and3hematite3mineralization
fault 48 34 SE epidote3mineralizationK
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frx 33 84 SE hematite/white1min
frx 236 57 NW hematite/white1min
frx 213 27 E hematite/white1min
frx 144 68 S
Main%Canyon%Measurements% !"33°38'16.6"N"115°54'17.3"W
Host:%Orocopia%Schist
Type Strike Dip Direction Notes
frx 310 78 S hematite/white1min
frx 68 70 SE calcite1min
frx 237 33 NW minor1hematite1min
frx 1 63 E minor1hematite/calcite1min
frx 47 65 E minor1hematite/calcite1min
frx 282 69 SE
frx 228 30 NW
frx 337 75 NE hematite/white1min
frx 181 33 E hematite/white1min
frx 271 31 N
frx 305 47 N calcite1min
frx 28 51 E white1min
frx 334 66 E calcite1min
frx 224 60 SE calcite1min
frx 193 48 W
frx 240 48 NW
frx 347 68 NE
frx 290 80 N minor1white1min
frx 37 65 SE hematite/calcite1min
frx 97 45 N
frx 220 63 SE hematite/calcite1min
frx 110 87 N hematite/calcite1min
frx 262 75 NW minor1hematite/calcite1min
frx 356 63 E
frx 309 85 S
frx 270 90 minor1calcite1min
frx 225 60 SE minor1hematite/calcite1min
frx 55 62 NW minor1hematite/calcite1min
frx 138 85 S hematite/calcite1min
frx 156 70 S hematite/calcite1min
frx 123 72 S hematite/calcite1min
frx 19 45 E hematite/calcite1min
frx 228 85 SE calcite1minE1minor1hematite1min
frx 283 84 N calcite1minE1minor1hematite1min
frx 248 42 NW hematite/calcite1min
frx 349 13 E calcite1minE1minor1hematite1min
frx 103 56 S minor1calcite1min
frx 56 63 SE
frx 280 85 S calcite1min
frx 171 84 E
frx 11 39 E
frx 67 50 W
frx 85 22 N calcite1minE1minor1hematite1min
frx 243 17 NW minor1hematite/calcite1min
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No#Structure
TC,11#,#33°39'58.37"N+116°+2'32.30"W
Host:#Gneisses
Type Strike Dip Direction Notes
ss 126 31 N rake5355down5from5the5N
BCS1#,#33°37'1.04"N+115°56'42.33"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
ss 289 49 N rake5655down5from5the5W@5calcite5mineralization
ss 118 24 S rake5455from5the5NW@5ss5in5foliation
ss 106 33 N rake5455from5the5W
  
126 
Table A.2. Additional fracture data from crystalline basement fault zones 
 
  
 
Painted(Canyon(Fault
PCFAH(!(33°37'0.30"N*116°*0'2.80"W
Host:(Gneisses
Type Strike Dip Direction Notes
frx 6 31 E
frx 355 68 E
frx 223 86 N
frx 39 74 N
frx 52 85 N
frx 72 88 N
frx 45 80 N
frx 250 74 N
frx 167 89 E
frx 13 89 E
frx 244 79 SE
frx 252 73 SE
frx 126 90 S
frx 290 80 S
frx 350 87 E
frx 340 81 SW
frx 156 65 NE
frx 167 72 S
frx 246 73 SE
frx 209 90 SE
frx 333 90 NE
frx 58 85 NW
PCFS5(!(33°36'57.71"N*116°*0'6.62"W
Host:(Gneisses
Type Strike Dip Direction Notes
frx 134 60 N
frx 131 53 NE sampleAfrxAasAbelow
frx 120 72 NE sampleAfrxAasAabove
frx 135 72 NE sampleAfrxAasAabove
frx 128 75 NE sampleAfrxAasAabove
frx 136 77 NE sampleAfrxAasAabove
frx 126 35 NE
frx 300 55 S
frx 71 17 N
frx 255 25 NW
frx 62 41 S
frx 66 43 S
frx 255 33 S
frx 345 79 E
frx 195 88 E
frx 20 85 E
frx 21 82 W
frx 17 85 W
frx 22 79 W
frx 130 64 NE
frx 184 10 E
frx 45 70 SE
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frx 212 33 SE
frx 117 41 NE
frx 29 35 SE
frx 245 36 NE
frx 141 53 SE
frx 52 20 NE
frx 300 31 NE
frx 320 50 NE
frx 330 50 NE
frx 312 57 NE
frx 130 57 NE
frx 38 75 NW
frx 66 33 S
frx 51 74 SE
frx 354 79 E
frx 166 72 SW
frx 162 67 SW
frx 46 63 SE
frx 130 46 NE
frx 348 75 W
frx 272 64 S
frx 23 89 SE
frx 276 20 S
frx 76 22 S
frx 230 70 SE
frx 273 52 S
frx 125 71 S
frx 244 34 S
frx 89 32 S
frx 60 30 SE
frx 106 81 NE
frx 14 66 E
frx 297 40 SW FeOx
frx 296 61 S FeOx
frx 183 78 NW FeOx
frx 128 59 SW FeOx
frx 7 56 E
frx 204 87 E
frx 197 81 NW
frx 177 79 W
frx 329 89 SW
frx 47 43 SE
frx 237 41 SE
frx 274 16 S
frx 336 81 W
frx 90 12 S
frx 45 45 SE
frx 227 30 SE
frx 90 52 N
frx 262 61 N
frx 315 52 NE
frx 281 34 S
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frx 327 65 NE
frx 30 30 NW FeOx
frx 169 57 W
frx 47 25 SE FeOx
frx 340 11 W FeOx
frx 357 47 W
PCFS6&!"33°36'57.26"N"115°59'54.19"W
Host:&Gneisses
Type Strike Dip Direction Notes
frx 358 87 W
frx 76 78 N
frx 197 69 E
frx 202 84 E
frx 198 83 W
frx 192 71 E
frx 196 80 W
Platform&Fault
PFS1& @&33°38'1.36"N"115°59'30.42"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
frx 351 39 E hematiteDmin
frx 307 57 S
frx 225 76 SE hematiteDmin
frx 359 71 E hematite/calciteDmin
frx 77 59 NW hematite/calciteDmin
frx 38 33 E minorDhematiteDmin
frx 105 82 S
frx 280 81 S
frx 68 45 SE hematiteDmin
PFS1& @&33°38'1.36"N"115°59'30.42"W
Host:&Gneisses
Type Strike Dip Direction Notes
frx 305 68 N
frx 324 77 SW
frx 355 80 E
frx 51 21 NW
frx 212 73 E
frx 168 83 E
frx 68 77 NW
frx 310 84 W
frx 286 90 N
PFS2& @D33°37'49.50"N"115°59'20.16"W
Host:&Gneisses
Type Strike Dip Direction Notes
frx 189 52 W
frx 191 46 E
frx 71 85 S
frx 220 50 NW hematiteDmin
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frx 147 38 NE epidote1min
frx 75 85 S
frx 302 83 N
frx 44 45 NW
frx 18 70 W
frx 223 43 NW
frx 59 49 NW hematite1min
frx 22 82 E
frx 78 76 N
frx 127 22 SW
frx 209 75 E
frx 262 75 N
frx 67 43 N
frx 125 55 SW
frx 173 56 NE
frx 45 67 NE
frx 327 64 SW
frx 334 87 SW
frx 185 54 E
frx 128 38 SW
frx 183 70 E
frx 281 76 N
frx 172 53 W
frx 102 89 N
frx 25 53 W
frx 91 87 S
frx 215 49 NW
frx 187 79 E
frx 175 46 SW
frx 335 55 NE
frx 257 79 N
frx 324 56 NE
frx 40 49 NW
frx 342 61 NE
frx 348 60 NE
frx 243 61 SE
frx 247 79 SE
frx 190 90 W
frx 185 89 W
frx 345 57 NE
frx 175 89 E
frx 235 51 NW
frx 212 40 E
frx 124 46 NE
frx 298 61 S
frx 137 31 SW
frx 267 72 S
frx 116 89 N
frx 281 66 S
frx 175 83 E
frx 95 51 S
frx 138 70 SW
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frx 135 75 SW
frx 73 60 SE
frx 195 55 E
Eagle&Canyon&Fault
ECFS1&./33°38'11.85"N*115°58'38.37"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
frx 280 60 S
frx 74 48 N mineralized
frx 350 57 NE
frx 61 64 NW
frx 118 61 S minor/mineralization
frx 64 35 S hematite/min
frx 349 90 NE
frx 36 72 SE
frx 136 74 SW
frx 124 72 NE
frx 212 87 SE
frx 302 70 S white/mineralization
frx 22 32 E
frx 50 38 SE minor/mineralization
frx 351 89 SW hematite/min
frx 51 63 NW minor/mineralization
frx 109 81 NW minor/hematite/min
frx 83 47 S white/mineralization
frx 95 57 S white/mineralization
frx 289 73 S
frx 292 89 N minor/white/min
frx 213 76 W hematite/white/min
frx 78 89 N hematite/white/min
frx 160 75 NE hematite/white/min
frx 134 63 NE hematite/white/min
frx 230 76 W hematite/white/min
frx 304 72 NE hematite/white/min
frx 107 32 NE hematite/white/min
frx 124 58 S
frx 184 86 E white/mineralization
frx 190 35 E minor/white/min
frx 121 45 N hematite/white/min
frx 190 28 SE minor/mineralization
frx 105 22 S hematite/calcite/min
frx 204 67 NW
frx 198 45 SE
frx 129 40 N
frx 32 33 W white/mineralization
frx 166 59 E hematite/white/min
frx 123 58 N white/mineralization
frx 220 70 W hematite/white/min
frx 228 56 NW hematite/white/min
frx 130 32 NE
frx 131 48 N
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frx 167 62 SE white/min
frx 133 45 N minor/hematite/white/min
frx 168 83 SW minor/mineralization
frx 284 83 N minor/mineralization
frx 157 78 E minor/mineralization
frx 325 55 NE hematite/white/min
frx 284 16 N hematite/white/min
frx 2 85 E minor/hematite/white/min
frx 183 87 W
frx 10 84 W minor/hematite/min
frx 5 85 E
Hidden&Springs&Fault
HSFS1/>!33°37'0.84"N+115°55'8.61"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
frx 48 67 SE mineralized
frx 38 80 SE
frx 37 55 SE FeOx/min
frx 308 56 NE
frx 327 56 SW
frx 51 81 SE mineralized
frx 222 71 SE
frx 231 66 SE
frx 234 83 SE mineralized
frx 21 85 W
frx 44 83 SE mineralized
frx 15 85 W mineralized
frx 34 86 SE mineralized
frx 306 71 NE mineralized
frx 140 80 NE mineralized
frx 222 80 SE mineralized
frx 162 77 SW mineralized
frx 42 82 SE mineralized
frx 46 75 SE mineralized
frx 31 75 SE mineralized
frx 197 72 W mineralized
frx 234 65 SE mineralized
frx 38 85 E mineralized
frx 46 77 SE mineralized
frx 291 55 NE mineralized
frx 44 78 SE mineralized
frx 143 88 NE mineralized
frx 47 75 E mineralized
frx 36 86 NW mineralized
frx 142 87 SW mineralized
frx 230 74 SE mineralized
frx 238 73 SE mineralized
frx 304 76 NE mineralized
frx 25 84 E mineralized
frx 304 75 NE mineralized
frx 207 69 E mineralized
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frx 133 84 NE mineralized
frx 210 85 SW mineralized
frx 15 73 W mineralized
frx 320 76 NE mineralized
frx 143 63 NE mineralized
frx 36 82 SE mineralized
frx 62 71 SE mineralized
frx 14 69 E mineralized
frx 133 81 E mineralized
frx 278 33 S mineralized
frx 108 44 S mineralized
frx 138 71 NE mineralized
frx 26 76 SE mineralized
frx 54 73 NW mineralized
frx 64 76 NW minor;mineralization
frx 110 66 S minor;mineralization
frx 130 48 SW
frx 39 76 NW
frx 290 62 S
frx 302 25 SW
frx 84 80 S minor;mineralization
frx 60 84 SW minor;mineralization
frx 273 50 S
frx 236 76 NW minor;mineralization
frx 66 86 NE mineralized
frx 8 85 W mineralized
frx 306 87 S mineralized
frx 66 79 SE mineralized
frx 134 64 N mineralized
frx 109 85 NE minor;mineralization
frx 124 77 NE mineralized
frx 6 58 W minor;mineralization
frx 348 55 W mineralized
frx 140 68 SW
frx 70 56 NW mineralized
frx 159 73 NE minor;mineralization
frx 140 9 NE fracture;along;foliation
frx 180 54 W minor;mineralization
frx 96 80 N mineralized
frx 306 80 NE mineralized
frx 229 88 NW mineralized
frx 245 65 NW mineralized
frx 3 77 W mineralized
frx 76 87 W mineralized
frx 125 86 NE mineralized
frx 176 39 W mineralized
frx 157 50 NE mineralized
frx 200 43 W mineralized
frx 30 48 NW mineralized
HSFS2B;@;33°37'06.10"N+115°55'09.06"W
Host:*Orocopia*Schist
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Type Strike Dip Direction Notes
frx 150 82 NE hematite/white=min
frx 131 88 NE hematite/white=min
frx 137 78 NE hematite/white=min
frx 90 65 NE minor=hematite/white=min
frx 154 83 SW minor=hematite/white=min
frx 31 74 E hematite/white=min
frx 331 85 SW hematite/white=min
frx 237 67 S hematite/white=min
frx 255 85 SE hematite/white=min
frx 185 80 W hematite/white=min
frx 160 88 NE hematite/white=min
frx 160 85 SW hematite/white=min
frx 347 87 SW hematite/white=min
frx 164 90 E hematite/white=min
frx 150 79 SW hematite/white=min
frx 8 28 E white=min
frx 275 67 S
frx 129 61 N minor=hematite/white=min
frx 223 82 SE calcite=min
frx 153 81 NE minor=hematite/white=min
frx 159 79 SW hematite=min
frx 212 69 W calcite=min
frx 122 45 SW
frx 210 45 SE
frx 165 88 SW minor=hematite/calcite=min
frx 71 63 S minor=hematite=min
frx 145 84 SW hematite/white=min
frx 85 89 SE hematite/white=min
frx 3 40 SE minor=hematite/white=min
frx 85 74 N calcite=min
frx 47 34 N calcite=min
frx 108 23 NE calcite=min
frx 172 72 E white=min
frx 208 74 E white=min
frx 131 90 N calcite=min
frx 178 79 E calciteE=minor=hematite=min
frx 148 83 SW hematite=min
frx 144 50 N hematite=min
frx 109 85 S calcite=min
frx 170 44 W calcite=min
frx 87 81 S minor=hematite=min
frx 325 64 SW hematite/white=min
frx 178 40 E white=min
frx 183 72 W minor=hematite/white=min
frx 171 32 SW minor=white=min
frx 131 83 S minor=hematite/white=min
frx 34 88 N white=min
frx 156 71 SW minor=white=min
frx 166 35 W minor=white=min
frx 339 88 NE white=min
frx 135 77 SW hematite/white=min
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frx 325 78 SW hematite/white3min
frx 226 39 SE minor3hematite/white3min
frx 91 62 N white3min
frx 51 53 SE minor3hematite/white3min
frx 126 58 N hematite/white3min
frx 90 84 S hematite/white3min
frx 185 85 E white3min
frx 89 83 SE white3min
frx 4 76 E white3min
frx 329 81 NE minor3hematite/white3min
frx 95 80 S minor3hematite/white3min
frx 12 59 E minor3hematite/white3min
frx 335 88 NE hematite/white3min
frx 195 45 E calcite3min
frx 28 48 W white3min
frx 190 58 E minor3white3min
frx 297 8 N white3min
frx 170 64 E minor3white3min
frx 219 60 NW calcite3min
frx 115 67 S hematite/white3min
frx 180 49 E calcite3min
frx 8 45 E white3min
frx 15 46 W
frx 39 60 W minor3white3min
frx 51 63 NW minor3white3min
frx 151 74 SW minor3hematite/white3min
frx 136 62 NE minor3hematite/calcite3min
frx 160 69 SW hematite/white3min
frx 141 68 SW minor3min
frx 322 58 NE minor3hematite3min
frx 193 67 W minor3hematite3min
frx 90 88 N minor3hematite/calcite3min
frx 32 82 E minor3hematite/white3min
frx 165 72 SW minor3hematite/white3min
frx 180 74 W minor3hematite/white3min
frx 90 85 S
Main%Canyon%Measurements !?333°37'31.96"N+115°59'25.90"W
Host:%Gneisses
Type Strike Dip Direction Notes
frx 175 76 W calcite/hematite3mineralization
frx 115 45 N calcite/hematite3mineralization
frx 77 83 N
frx 109 28 N calcite3mineralization
frx 140 58 NE minor3hematite3mineralization
frx 210 51 W epidote/hematite3mineralization
frx 168 50 W minor3hematite/calcite3mineralization
frx 86 44 S minor3hematite/calcite3mineralization
frx 222 73 NW
frx 115 72 S minor3hematite3mineralization
frx 65 79 NW
frx 50 87 NW
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frx 107 39 N
frx 137 62 N
frx 335 47 NE
frx 118 80 N epidote6mineralization
frx 45 53 W
frx 32 28 W
frx 343 61 NW minor6calcite6mineralization
frx 343 60 W minor6mineralization
frx 100 53 N
frx 285 35 S calcite6mineralization
frx 6 46 W
frx 19 40 W epidote6mineralization
frx 142 78 SW
frx 18 80 W minor6calcite6mineralization
frx 32 46 SW
frx 19 49 E
frx 212 86 W minor6calcite6mineralization
frx 47 85 W minor6hematite/calcite6mineralization
frx 215 73 NW minor6hematite/calcite6mineralization
frx 233 66 W minor6hematite/calcite6mineralization
frx 145 65 NE
frx 6 89 W hematite/calcite6mineralization
frx 154 27 SW hematite/calcite/epidote6mineralization
frx 234 70 NW epidote6mineralization
frx 44 57 NW hematite/calcite/epidote6mineralization
frx 19 74 S calcite/epidote6mineralization
frx 127 63 NE minor6hematite6mineralization
frx 40 76 NW
frx 110 40 S minor6calcite6mineralization
frx 126 56 NE minor6hematite6mineralization
frx 77 32 SE minor6calcite6mineralization
frx 33 76 NW minor6calcite6mineralization
frx 240 28 SE minor6calcite6mineralization
frx 89 46 S minor6calcite6mineralization
frx 225 44 SE
frx 195 50 NW
frx 296 51 N minor6calcite6mineralization
frx 33 60 W
frx 332 77 SW
frx 283 42 N minor6hematite6mineralization
frx 341 43 SW
frx 115 22 S
frx 210 67 W
frx 86 38 SE
frx 135 40 SW
frx 315 74 SW minor6calcite6mineralization
frx 43 42 SE minor6calcite6mineralization
frx 118 95 S
frx 65 61 NW minor6hematite6mineralization
frx 53 65 NW minor6hematite6mineralization
frx 113 49 N
frx 112 42 N minor6hematite6mineralization
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frx 53 60 NW
frx 109 43 N
frx 40 16 SE
frx 78 20 SE
frx 117 50 S minor6hematite6mineralization
frx 54 71 NW
frx 225 20 NW minor6hematite6mineralization
frx 53 65 NW
frx 358 88 E
frx 46 47 NE
frx 55 56 NE
frx 98 20 SE
frx 83 38 SE
frx 263 37 SE
frx 48 63 NW
frx 72 41 SE minor6hematite6mineralization
frx 317 45 NE
frx 94 43 NW
frx 83 43 NW
frx 155 63 NE
frx 96 44 N
frx 141 34 SW
frx 197 80 E
frx 15 63 E
frx 214 75 E
frx 227 45 W
frx 108 45 N
frx 230 85 W minor6calcite6mineralization
frx 167 57 NE hematite/calcite6mineralization
frx 128 63 NE hematite/calcite6mineralization
frx 122 45 S hematite/calcite6mineralization
frx 114 60 N hematite/calcite/epidote6mineralization
frx 254 47 SE hematite/calcite/epidote6mineralization
frx 212 57 NW hematite/calcite/epidote6mineralization
frx 312 60 NE hematite/calcite/epidote6mineralization
frx 45 78 NW hematite/calcite/epidote6mineralization
frx 73 17 SE hematite/calcite/epidote6mineralization
frx 49 63 NW hematite/calcite/epidote6mineralization
frx 253 32 SE
frx 39 81 NW
frx 260 52 S hematite/calcite6mineralization
frx 131 14 S
frx 158 37 NE hematite/calcite6mineralization
frx 79 78 S epidote6mineralization
frx 315 53 SW
frx 95 77 N hematite/calcite6mineralization
frx 211 77 NW
frx 121 38 N hematite/calcite/epidote6mineralization
frx 205 40 NW calcite6mineralization
frx 44 55 NW
frx 51 81 W
frx 316 66 SW hematite/calcite6mineralization
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frx 127 73 S
frx 105 84 N
frx 135 51 SW
frx 311 51 SW
frx 183 75 W
frx 175 49 W
frx 219 52 E
frx 163 40 E calcite8mineralization
frx 240 64 NE calcite8mineralization
frx 150 15 NE
frx 220 75 SE
frx 171 65 SW
frx 291 31 S
frx 81 64 NW
frx 278 80 S
frx 14 85 SE
frx 207 66 W
frx 46 58 NW
frx 264 32 NW
frx 51 49 NW
frx 142 66 NE
frx 46 89 W
frx 219 66 NW
Main%Canyon%Measurements% !"33°37'42.89"N"115°59'"25.60"W
Host:%Gneisses
Type Strike Dip Direction Notes
frx 32 21 NW chlorite8min
frx 100 61 N
frx 94 35 N
frx 44 31 W
frx 10 41 W
frx 297 63 N
frx 99 60 N
frx 110 57 N
frx 180 46 W minor8hematite/white8min
frx 78 52 N hematite8min
frx 127 16 N hematite8min
frx 87 54 NW
frx 73 33 NW minor8hematite8min
frx 161 83 NE
frx 168 52 W
frx 100 46 S
frx 62 38 S hematite8min
frx 230 76 W minor8hematite8min
frx 155 78 NE main8volcanics8fracture8orientation
frx 26 88 E main8volcanics8fracture8orientation
frx 238 34 NW main8volcanics8fracture8orientation
frx 108 38 S main8volcanics8fracture8orientation
frx 272 59 NW main8volcanics8fracture8orientation
frx 212 76 W main8volcanics8fracture8orientation
frx 339 79 NE main8volcanics8fracture8orientation
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ss 35 82 SE
ss 61 53 SE
ss 99 76 S
ss 95 76 S
ss 215 74 SE
ss 25 82 E
ss 109 73 S
ss 104 71 S
ss 281 74 S
ss 39 74 E
ss 268 83 N
flt 126 42 SW flt3zone3with3gouge3=3major3fault
HSFS2%&%33°34'45.52"N*115°54'12.30"W
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
ss 256 77 NW rake3033fron3the3E
ss 251 85 NW rake3093down3from3the3NE
ss 244 89 SE rake3153from3the3NE
ss 258 66 NW rake393from3the3W
ss 253 75 N rake3033from3the3NE
ss 244 83 NW rake203from3the3NE
ss 250 83 NW rake3233from3the3NE
ss 254 75 NW
ss 250 89 NW
HSFS2%&33°34'43.16"N*115°53'58.42"W
Host:&Orocopia&Schist
type strike dip direction notes
fault 63 76 NW no3visible3slip3vecetorK3calcite3mineralization
Main%Canyon%Measurements%(No%structure)
Host:%Upper%Plate
Type Strike Dip Direction Notes
fault 153 55 E minor3fault3brecciaK3calcite3mineralization
fault 289 40 N minor3brecciation
fault 75 74 N small3faultK3no3visible3slip3vector
fault 105 52 N maybe3slip3vectors,3hard3to3tellK3throw3is383cm
fault 69 66 N smallK3throw3is3153cm
fault 72 68 N minor3hematite3mineralization
fault 72 45 NW smallK3calcite3vein3displaced3123cm3across3fault
fault 268 20 N hematite3mineralization
fault 291 32 N
fault 46 80 NW epidote3mineralization
fault 323 43 NE fault3follows3foliation3plane
fault 349 65 W smallK3calcite3vein3offset313cm
fault 71 22 NW gneiss3band3offset3153cm
fault 49 68 NW 3.53cm3wide3zone3of3breccia3and3cataclasite
ss 189 24 NW rake3is3253down3from3the3N
ss 37 20 NW rake3is3353down3from3the3N
fault 322 43 NE epidote3and3hematite3mineralization
fault 48 34 SE epidote3mineralizationK
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fault 142 39 E epidote1mineralization61cataclasis
fault 219 44 W calcite1min61minor1brecciation/cataclasis
fault 72 52 NW brecciation/cataclasis61calcite1mineralization
ss 147 32 NE rake115@201down1from1the1E
ss 148 30 NE rake151down1from1the1E61101down1from1the1W1
fault 60 47 NW trend1slip1vectors106261rake1horizontal
fault 229 66 NW calcite1and1hematite1mineralization
fault 263 33 SE no1notes
fault 19 83 E small
fault 337 70 SW cataclasis/brecciation
fault 113 53 S no1notes
fault 118 51 S brecciation/cataclasis
fault 80 83 SE no1notes
fault1 28 61 E brecciation/cataclasis
fault 305 22 N calcite/hematite1mineralization
fault 141 25 NE no1notes
flt 203 73 W Foliated1cataclasite1fault1(interpretive1dance)
flt 303 20 N main1fault1orientation61cataclasite
flt 285 12 N no1notes
flt 310 40 N branches1off1main1fault6151cm1displacement
flt 298 43 N branches1off1main1fault61FeOx1min
flt 145 28 W FeOx1min
flt 306 44 N cataclasite
flt 228 27 N cataclasite
flt 293 42 N cataclasite
flt 262 27 N cataclasite1(parallels1main1fault)
flt 343 31 E same1blue1and1red1cataclasite1as1main1fault
flt 71 78 S white1and1feox1min61displacement1101cm
flt 266 73 N fault1well@developed1in1orocopia
flt 69 68 N 401cm1gouge1zone1and1brecciated1mixed1zone
flt 84 58 N 201cm1wide1gouge1zone1and1maybe1cataclasite
flt 351 60 E rake1191from1the1N61cuts1seds,1gouge1zone
flt 35 75.5 W no1notes
flt 125.5 82 N gouge1and1breccia1zone61fault1cuts1seds
flt 156 57 N sed1cutting1unclear
flt 58 63 N meter@wide1gouge/breccia1zone
flt 121 58.5 NE sed1cutting1unclear
Host:&Orocopia&Schist
type strike dip direction notes
ss 38 74 NW rake1151down1from1the1NE
ss 250 32 NW rake1651down1from1NE
ss 129 49 N rake1651down1from1E
No&Structure
Host:&Orocopia&Schist
Type Strike Dip Direction Notes
ss 303 5 S nearly1pure1strike@slip1slicks
ss 227 14 S
ss 319 11 S
ss 282 14 S
ss 296 12 S
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frx 250 33 NW
frx 23 52 E hematite/calcite4min
frx 198 47 E hematite/calcite4min
frx 264 84 SE
frx 168 50 E hematite/calcite4min
No#Structure
BCS1#=433°37'1.04"N+115°56'42.33"W
Host:#Orocopia#Schist
Type Strike Dip Direction Notes
frx 16 74 E
frx 32 86 E minor4white4min
frx 273 84 N minor4calcite4min
frx 61 70 NW calcite4min
frx 73 68 S calcite4min
frx 156 89 NE calcite4min
frx 63 83 SE calcite4min
frx 250 40 S calcite4min
frx 286 48 N
frx 255 33 N calcite4min
frx 73 90 N hematite4min
frx 295 28 N calcite4min
frx 325 55 S white4min
frx 264 90 N white4min
frx 229 45 S white4min
frx 231 87 N white4min
frx 162 72 W white4min
frx 20 33 W white4min
frx 48 50 S white4min
frx 83 33 N white4min
frx 263 68 SE white4min
frx 98 61 N white4min
frx 190 48 W
frx 85 76 N hematite4min
frx 213 58 NW white4min
frx 297 54 S white4min
LBC#0+33°36'3.44"N+115°53'49.97"W
Host:#Orocopia#Schist
Type Strike Dip Direction Notes
frx 85 75 N
frx 180 75 W
frx 150 85 W
frx 305 70 NE
frx 268 42 S
frx 200 88 E
frx 204 73 W
frx 150 65 S
frx 23 82 E
frx 23 61 W
frx 146 74 NE
frx 135 45 N
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TC#11% !"33°39'58.37"N"116°"2'32.30"W
Host:%Gneisses
Type Strike Dip Direction Notes
frx 93 75 S
frx 186 65 W calcite<min
frx 200 64 SE minor<hematite<min
frx 55 63 SE minor<white<min
frx 180 63 E minor<hematite/calcite<min
frx 148 34 N hematite/white<min
frx 290 47 N minor<calcite<min
frx 98 71 S
frx 147 23 S minor<hematite<min
frx 30 36 SE minor<hematite/calcite<min
frx 317 85 W calciteE<minor<hematite<min
frx 303 39 N minor<hematite/white<min
frx 302 37 N minor<hematite/white<min
frx 167 76 E minor<hematite/white<min
frx 147 73 W minor<hematite<min
frx 143 87 W
frx 106 69 S minor<calcite<min
frx 33 50 SE minor<hematite/white<min
frx 20 72 E hematite/white<min
frx 70 86 NW minor<hematite<min
frx 127 26 S minor<hematite/white<min
frx 135 30 N minor<hematite/white<min
frx 27 76 E minor<hematite/white<min
frx 53 76 N hematite/calcite<min
frx 24 86 E
frx 292 48 S
frx 325 26 S
frx 214 68 NW hematite/white<min
frx 223 87 S minor<hematite/white<min
frx 62 74 SE minor<hematite/white<min
frx 195 83 W minor<hematite/white<min
frx 48 82 S minor<hematite/white<min
frx 89 45 N hematite/white<min
frx 119 88 SW hematite/white<min
frx 197 60 W minor<hematite<min
frx 121 83 N hematite/calcite<min
frx 250 87 S minor<hematite/calcite<min
frx 196 81 W hematite<min
frx 212 70 SE
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Hidden&Springs&Fault
HSFS2&2&33°34'43.16"N*115°53'58.42"W
Host:&Ocotillo&Conglomerate
Type Strike Dip Direction Notes
ss 150 74 W White7mineralization
ss 131 55 S White7mineralization
ss 154 84 W White7mineralization
ss 126 30 S White7mineralization
ss 340 82 E White7mineralization
ss 198 83 W White7mineralization
ss 205 78 W White7mineralization
ss 183 75 W White7mineralization
ss 48 78 S White7mineralization
ss 149 84 W White7mineralization
ss 190 85 W White7mineralization
ss 150 80 W White7mineralization
ss 150 90 W White7mineralization
ss 190 90 W White7mineralization
ss 170 70 W White7mineralization
ss 190 55 W White7mineralization
ss 193 54 W White7mineralization
ss 195 55 W White7mineralization
ss 196 54 W White7mineralization
ss 168 8 W White7mineralization
ss 301 3 N White7mineralization
ss 180 61 W White7mineralization
ss 199 52 W White7mineralization
ss 206 49 W White7mineralization
ss 189 80 W White7mineralization
ss 198 18 W White7mineralization
ss 31 58 E White7mineralization
ss 224 70 W White7mineralization
ss 172 72 W White7mineralization
ss 199 7 W White7mineralization
ss 199 53 W White7mineralization
ss 178 78 W White7mineralization
ss 163 53 W White7mineralization
ss 193 55 W White7mineralization
ss 183 9 W White7mineralization
ss 190 51 W White7mineralization
ss 207 85 W White7mineralization
ss 205 86 W White7mineralization
ss 30 84 E White7mineralization
ss 27 76 E White7mineralization
ss 217 18 W White7mineralization
ss 209 58 W White7mineralization
ss 218 81 W White7mineralization
ss 217 81 W White7mineralization
ss 40 90 E White7mineralization
ss 232 78 N White7mineralization
ss 230 55 N White7mineralization
ss 232 63 N White7mineralization
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ss 235 48 N White-mineralization
ss 168 80 W White-mineralization
ss 343 74 E White-mineralization
ss 11 86 E White-mineralization
ss 30 79 E White-mineralization
ss 10 73 E White-mineralization
ss 157 70 W White-mineralization
ss 200 10 W White-mineralization
ss 214 89 W White-mineralization
ss 157 61 W White-mineralization
ss 194 53 W White-mineralization
ss 173 42 W White-mineralization
ss 18 75 E White-mineralization
ss 219 61 W White-mineralization
ss 136 51 W White-mineralization
ss 145 19 W White-mineralization
ss 181 66 W White-mineralization
ss 166 63 W White-mineralization
ss 176 90 W White-mineralization
ss 223 50 W White-mineralization
ss 190 65 W White-mineralization
ss 218 33 W White-mineralization
ss 179 67 W White-mineralization
ss 176 64 W White-mineralization
ss 181 68 W White-mineralization
ss 164 85 W White-mineralization
ss 217 65 W White-mineralization
ss 200 19 W White-mineralization
ss 221 73 W White-mineralization
ss 34 85 E White-mineralization
ss 213 90 W White-mineralization
 ! !
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Table A.4. Normalized x-ray fluorescence whole-rock data from fault-related rocks in the Mecca Hills 
 Table A.1. Noramlized X-ray fluorescence (XRF) whole-rock data from fault-related rocks in the Mecca Hills
Sample Latitude Longitude Distance from fault (m)  SiO2   TiO2   Al2O3  FeO  MnO  MgO   CaO    Na2O  K2O  P2O5  Total
AM-PCFS6-01215 33°36'59.90'' N 115°59'55.43'' W 11.44 58.03 0.941 15.53 9.15 0.163 6.18 4.82 2.02 3.09 0.084 100.00 
AM-PCFS6-02215 33°36'59.90'' N 115°59'55.43'' W 12.2 54.05 0.541 24.63 3.42 0.082 1.36 10.30 4.18 1.37 0.071 100.00 
AM-PCFS6-03215A 33°36'59.90'' N 115°59'55.43'' W 14.3 79.06 0.071 11.94 0.76 0.003 0.07 0.19 3.52 4.37 0.007 100.00 
AM-PCFS6-04215 33°36'59.90'' N 115°59'55.43'' W 13.2 56.57 0.359 21.83 2.39 0.062 1.99 6.18 5.86 4.68 0.077 100.00 
AM-PCFS6-05215 33°36'59.90'' N 115°59'55.43'' W 13.2 55.25 0.878 19.96 6.35 0.121 3.91 4.39 4.38 4.45 0.306 100.00 
AM-PCFS6-06215 33°36'59.90'' N 115°59'55.43'' W 13.2 63.04 1.010 15.08 7.94 0.185 3.98 3.10 3.35 2.13 0.183 100.00 
AM-PCFS6-07215 33°36'59.90'' N 115°59'55.43'' W 33.2 48.23 1.390 17.10 7.02 0.145 7.14 12.67 3.94 2.17 0.197 100.00 
AM-PCFS6-08215 33°36'59.90'' N 115°59'55.43'' W 34.3 68.25 0.581 13.93 5.15 0.092 2.34 4.52 3.34 1.70 0.103 100.00 
AM-PCFS6-09315 33°36'59.90'' N 115°59'55.43'' W 52 52.85 1.491 18.50 8.87 0.180 7.17 5.33 3.17 2.12 0.317 100.00 
AM-PCFS6-10315 33°36'59.90'' N 115°59'55.43'' W 52 64.73 0.830 15.53 5.29 0.098 3.45 4.15 3.83 1.93 0.149 100.00 
AM-PCFS6-11315 33°36'59.90'' N 115°59'55.43'' W 52 56.17 1.223 16.64 7.77 0.151 5.70 7.04 3.04 2.03 0.237 100.00 
AM-PCFS6-12315 33°36'59.90'' N 115°59'55.43'' W 52 56.36 0.830 19.20 5.09 0.088 3.91 6.23 5.77 2.13 0.382 100.00 
AM-PCFS6-22315A 33°36'59.90'' N 115°59'55.43'' W 100.1 69.52 0.494 15.22 4.33 0.064 0.67 2.01 4.17 3.39 0.144 100.00 
AM-PCFS6-23315 33°36'59.90'' N 115°59'55.43'' W 147 56.70 0.909 21.35 7.54 0.141 3.83 3.77 2.55 3.04 0.182 100.00 
AM-PCFS6-26315 33°36'59.90'' N 115°59'55.43'' W 146.6 56.93 0.904 21.16 7.79 0.125 4.13 2.38 2.73 3.67 0.191 100.00 
AM-PCFS6-27315 33°36'59.90'' N 115°59'55.43'' W 148 59.63 1.104 19.47 7.48 0.104 3.25 2.14 2.45 4.12 0.252 100.00 
AM-PCFS6-34315 33°36'58.28'' N 115°59'51.53'' W N/A 46.40 1.182 13.80 10.70 0.272 10.05 14.00 1.80 1.70 0.091 100.00 
AM-PCFS6-44315 33°36'58.28'' N 115°59'51.53'' W N/A 47.28 1.159 13.85 12.17 0.247 10.91 11.42 1.59 1.28 0.095 100.00 
AM-PCFAH-10215 33°37'00.42'' N 116°00'03.60'' W N/A 65.32 0.941 15.46 5.45 0.096 1.87 5.01 2.67 2.89 0.298 100.00 
AM-PCFAH-12215 33°37'00.42'' N 116°00'03.60'' W N/A 56.41 1.366 19.61 10.17 0.137 4.81 1.59 2.27 3.41 0.228 100.00 
AM-PCFAH-12215* 33°37'00.42'' N 116°00'03.60'' W N/A 55.57 1.378 19.57 11.04 0.137 4.96 1.60 2.17 3.36 0.210 100.00 
AM-PCFAH-14215 33°37'00.42'' N 116°00'03.60'' W N/A 57.10 1.160 20.79 8.77 0.111 4.28 1.55 2.06 4.05 0.139 100.00 
AM-PCFAH-16215 33°37'00.42'' N 116°00'03.60'' W N/A 58.03 0.851 19.31 7.51 0.136 3.66 3.95 2.64 3.66 0.246 100.00 
AM-PCAH-18315 33°37'00.42'' N 116°00'03.60'' W 5.9 57.26 1.012 21.64 8.92 0.119 3.76 0.67 2.34 4.11 0.161 100.00 
AM-PCFAH-20315 33°37'00.42'' N 116°00'03.60'' W 8.3 50.62 1.255 17.22 8.31 0.221 4.40 10.94 3.74 3.01 0.283 100.00 
AM-PCFAH-21315 33°37'00.42'' N 116°00'03.60'' W 8.4 46.87 0.828 16.15 6.41 0.287 3.52 19.91 2.87 2.81 0.343 100.00 
AM-PFS1-01115 33°37'59.62" N 115°59'39.17" W 9.25 73.50 0.141 13.15 1.39 0.048 0.47 3.26 2.88 5.10 0.054 100.00 
AM-PFS1-02115 33°37'59.62" N 115°59'39.17" W 13.3 59.02 0.783 20.07 4.77 0.136 1.00 6.63 5.44 1.92 0.228 100.00 
AM-PFS1-02115* 33°37'59.62" N 115°59'39.17" W 13.3 59.16 0.781 20.15 4.50 0.137 0.99 6.64 5.50 1.92 0.228 100.00 
AM-PFS1-03115 33°37'59.62" N 115°59'39.17" W 12.5 51.56 0.704 21.25 6.54 0.247 1.05 11.80 5.20 1.41 0.232 100.00 
AM-PFS2-11215 33°37'49.24" N 115°59'19.97" W HOST 58.30 0.683 19.46 6.08 0.173 2.02 6.40 4.63 1.89 0.356 100.00 
AM-PFS2-12215 33°37'49.24" N 115°59'19.97" W 0 67.92 0.322 14.66 1.66 0.037 0.84 8.69 2.49 3.30 0.077 100.00 
AM-PFS2-14215 33°37'49.24" N 115°59'19.97" W 0.05 70.62 0.567 15.45 3.12 0.051 1.47 3.46 2.82 2.29 0.159 100.00 
AM-PFS2-15215 33°37'49.24" N 115°59'19.97" W 0.14 56.97 0.647 20.95 5.18 0.254 1.82 5.94 3.74 4.19 0.316 100.00 
AM-PFS2-16215 33°37'49.24" N 115°59'19.97" W 0.3 59.06 0.668 20.36 5.92 0.175 2.45 3.94 2.82 4.30 0.314 100.00 
AM-PFS2-18215 33°37'49.24" N 115°59'19.97" W 0.7 62.51 0.591 18.22 5.88 0.152 2.32 3.24 4.34 2.43 0.326 100.00 
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Sample Latitude Longitude Distance from fault (m)  SiO2   TiO2   Al2O3  FeO  MnO  MgO   CaO    Na2O  K2O  P2O5  Total
AM-PFS2-19215 33°37'49.24" N 115°59'19.97" W 2 75.40 0.174 13.93 1.70 0.030 0.42 0.97 3.71 3.64 0.019 100.00 
AM-PFS2-20215 33°37'49.24" N 115°59'19.97" W 1.3 57.53 0.723 19.22 6.58 0.190 2.15 6.15 4.74 2.34 0.392 100.00 
AM-PFS2-21215 33°37'49.24" N 115°59'19.97" W 6.5 58.79 1.410 16.60 7.10 0.128 3.59 6.00 3.26 2.80 0.323 100.00 
AM-PFS2-22215 33°37'49.24" N 115°59'19.97" W 8.5 71.82 0.431 14.77 2.50 0.045 0.91 2.13 4.03 3.24 0.112 100.00 
AM-SLA-12215 33°37'49.34'' N 115°59'24.97'' W N/A 49.52 1.548 17.94 8.77 0.171 7.77 9.28 3.84 0.82 0.345 100.00 
AM-SLA-31215 33°37'49.34'' N 115°59'24.97'' W N/A 49.08 1.622 19.18 8.62 0.160 7.25 7.90 4.26 1.60 0.328 100.00 
AM-HSFS1-01115 33°38'11.85" N 115°58'38.34" W N/A 56.48 2.262 11.34 12.38 0.188 4.96 9.41 2.51 0.30 0.169 100.00 
AM-HSFS1-04115 33°38'11.85" N 115°58'38.34" W N/A 48.53 2.375 13.89 14.54 0.212 6.45 9.99 3.40 0.43 0.196 100.00 
AM-HSFS1-05115 33°38'11.85" N 115°58'38.34" W N/A 48.54 2.493 12.89 13.90 0.244 6.01 13.61 1.78 0.31 0.233 100.00 
AM-HSFS1-05115* 33°38'11.85" N 115°58'38.34" W N/A 48.60 2.495 12.90 13.81 0.244 6.03 13.61 1.78 0.31 0.228 100.00 
AM-HSFS1-11115 33°37'57.71" N 115°55'07.77'' W 0.2 50.42 1.198 11.83 9.14 0.101 8.35 6.00 12.36 0.51 0.088 100.00 
AM-HSFS1-12115 33°37'57.71" N 115°55'07.77'' W 0.3 51.08 3.141 18.13 8.45 0.138 6.03 5.56 3.36 3.15 0.962 100.00 
AM-HSFS1-15115 33°37'57.71" N 115°55'07.77'' W 0 67.40 0.787 14.40 4.61 0.085 2.78 4.23 3.19 2.36 0.171 100.00 
AM-HSFS1-16115 33°37'57.71" N 115°55'07.77'' W 0 69.45 0.717 13.10 4.62 0.091 2.64 4.52 2.28 2.45 0.149 100.00 
AM-HSFS1-16115* 33°37'57.71" N 115°55'07.77'' W 1.4 69.32 0.712 13.08 4.67 0.091 2.64 4.51 2.38 2.45 0.149 100.00 
AM-HSFS1-17115 33°37'57.71" N 115°55'07.77'' W 1.75 67.40 0.946 14.47 5.78 0.068 4.22 2.16 2.09 2.65 0.214 100.00 
AM-HSFS1-18115 33°37'57.71" N 115°55'07.77'' W 2.35 67.00 0.780 13.03 4.80 0.108 2.67 6.72 2.41 2.31 0.162 100.00 
AM-HSFS1-19115 33°37'57.71" N 115°55'07.77'' W 3.2 66.02 0.744 14.35 4.82 0.090 2.61 6.09 2.37 2.74 0.168 100.00 
AM-HSFS1-20115 33°37'57.71" N 115°55'07.77'' W 3.2 62.82 0.973 13.86 6.12 0.131 3.43 7.52 2.74 2.20 0.200 100.00 
AM-HSFS1-01215 33°37'57.71" N 115°55'07.77'' W 3.3 49.66 1.899 14.64 12.83 0.183 6.30 11.20 2.87 0.23 0.174 100.00 
AM-HSFS2A-01215 33°37'57.71" N 115°55'07.77'' W 0.14 70.90 0.729 15.41 4.82 0.044 3.85 0.51 0.49 3.06 0.183 100.00 
AM-HSFS2A-02215 33°37'57.71" N 115°55'07.77'' W 0 85.56 0.369 8.03 2.45 0.019 1.07 0.18 0.01 2.22 0.083 100.00 
AM-HSFS2A-03215 33°37'57.71" N 115°55'07.77'' W 0.45 65.15 0.714 15.26 5.21 0.096 2.53 6.27 0.91 3.67 0.196 100.00 
AM-HSFS2A-04215 33°37'57.71" N 115°55'07.77'' W HOST 68.48 0.636 16.31 3.88 0.055 1.86 1.73 3.92 3.01 0.135 100.00 
AM-HSFS2B-01215 33°37'06.04" N 115°55'08.33'' W 0.05 66.33 0.702 16.33 4.51 0.069 2.38 3.11 3.21 3.12 0.236 100.00 
AM-HSFS2B-03215 33°37'06.04" N 115°55'08.33'' W 3.3-3.9 73.20 0.454 10.20 5.69 1.189 2.23 3.09 1.21 1.65 1.073 100.00 
AM-HSFS2B-04215 33°37'06.04" N 115°55'08.33'' W 7.1 73.38 0.548 11.86 4.71 0.217 4.01 1.22 1.75 1.99 0.310 100.00 
AM-HSFS2B-06215 33°37'06.04" N 115°55'08.33'' W 7.1 69.29 0.906 11.51 6.36 0.269 5.87 2.03 2.15 1.41 0.217 100.00 
AM-HSFS2B-07215 33°37'06.04" N 115°55'08.33'' W 8.7 78.57 0.549 7.52 3.97 0.140 2.64 4.11 1.51 0.78 0.208 100.00 
AM-HSFS2B-09215 33°37'06.04" N 115°55'08.33'' W 1.8 61.77 0.591 19.17 3.55 0.073 1.65 4.28 5.35 3.43 0.132 100.00 
AM-HSFS2B-10B215 33°37'06.04" N 115°55'08.33'' W 6.2 72.47 0.485 14.01 3.05 0.044 1.17 2.69 2.90 3.09 0.091 100.00 
AM-ECFS1-02115 33°37'06.04" N 115°55'08.33'' W 7.1 66.46 0.815 16.35 5.55 0.084 2.89 2.18 2.45 3.03 0.177 100.00 
AM-ECFS1-01215 33°37'06.04" N 115°55'08.33'' W 8.7 53.20 0.649 12.05 4.39 0.127 3.61 20.84 3.89 1.09 0.143 100.00 
AM-ECFS1-02215 33°37'06.04" N 115°55'08.33'' W 1.8 55.55 0.637 11.79 4.23 0.115 3.87 18.61 4.32 0.74 0.133 100.00 
AM-ECFS1-15215 33°37'06.04" N 115°55'08.33'' W 6.2 48.05 0.568 10.77 9.12 0.229 11.60 16.86 0.34 2.33 0.143 100.00 
AM-L1-09315 33°37'28.47" N 115°59'39.41'' W N/A 68.22 0.177 18.44 1.68 0.053 0.56 3.06 6.50 1.26 0.052 100.00 
AM-L1-11315 33°37'29.51" N 115°59'33.05'' W N/A 63.62 0.861 16.39 6.75 0.085 2.77 3.94 3.72 1.70 0.157 100.00 
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Sample Latitude Longitude Distance from fault (m)  SiO2   TiO2   Al2O3  FeO  MnO  MgO   CaO    Na2O  K2O  P2O5  Total
AM-L1-12315 33°37'28.55" N 115°59'36.37'' W N/A 77.66 0.221 12.53 1.63 0.025 0.68 2.69 3.25 1.23 0.093 100.00 
AM-HSFS1-0116 33°37'57.71" N 115°55'07.77'' W N/A 49.67 1.471 14.82 10.51 0.182 5.67 13.42 3.87 0.26 0.117 100.00 
AM-HSFS1-0516 33°37'57.71" N 115°55'07.77'' W N/A 64.08 0.803 18.38 5.76 0.060 2.81 1.07 3.12 3.69 0.240 100.00 
AM-MHS1-0616 33°37'26.94" N 115°59'40.95" W N/A 68.47 0.682 13.99 5.13 0.085 2.37 3.40 2.98 2.71 0.180 100.00 
AM-ECFS1-1016 33°38'11.85" N 115°58'38.34" W N/A 53.40 0.622 12.08 7.00 0.174 9.52 13.44 1.13 2.51 0.139 100.00 
AM-ECFS1-1116 33°38'11.85" N 115°58'38.34" W N/A 70.23 0.667 15.77 3.98 0.036 1.68 0.69 3.85 2.95 0.151 100.00 
AM-PCF-1516 33°36'54.73" N 116°00'06.19" W N/A 72.33 0.406 13.84 3.59 0.065 0.98 3.39 3.81 1.44 0.140 100.00 
AM-BCS1-1616 33°37'01.04" N 115°56'42.57" W N/A 72.22 0.673 13.28 4.72 0.069 2.42 2.71 2.47 1.37 0.076 100.00 
AM-LBC-1816 33°36'03.44" N 115°53'49.97" W N/A 70.92 0.958 10.08 7.06 0.292 3.92 4.00 1.00 1.44 0.331 100.00 
AM-LBC-1816* 33°36'03.44" N 115°53'49.97" W N/A 70.89 0.955 10.07 7.13 0.291 3.90 3.98 1.00 1.44 0.331 100.00 
AM-TC-1916 33°39'58.37" N 115°53'58.39" W N/A 73.12 0.488 13.97 2.72 0.047 1.16 2.48 3.37 2.54 0.102 100.00 
AM-HSFS2-2116 33°34'43.16" N 115°53'58.39" W N/A 71.71 0.740 10.38 5.03 0.129 2.50 5.47 1.84 1.94 0.265 100.00 
AM-HSFS2-2216 33°34'49.75" N 115°54'05.33" W N/A 66.43 1.239 14.49 6.30 0.117 6.44 1.93 0.87 1.69 0.486 100.00 
*indicates replicate analysis
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Table A.5. X-ray diffraction interpretations from fault-related rocks in the Mecca Hills. 
 Table A.2. X-ray diffraction (XRD) interpretations from fault-realted rocks in the Mecca Hills
Distance
Sample Latitude Longitude from fault (m) XRD Spectra Interpretation
AM-PCFS6-01215 33°36'59.90'' N 115°59'55.43'' W 11.44 qtz + clinochlore + biotite ± zeolites ± Cu/As minerals
AM-PCFS6-02215 33°36'59.90'' N 115°59'55.43'' W 12.2 qtz + albite ± biotite ± calcite ± zeolites
AM-PCFS6-03215A 33°36'59.90'' N 115°59'55.43'' W 14.3 Qtz + albite + orthoclase ± biotite ± muscovite ± smectite minerals
AM-PCFS6-04215 33°36'59.90'' N 115°59'55.43'' W 13.2 albite ± muscovite ± calcite ± carlinite ± zeolites ± illite
AM-PCFS6-05215 33°36'59.90'' N 115°59'55.43'' W 13.2 qtz + albite ± calcite ± carlinite ± clinochlore/chlorite ± octadecasil and other zeolites
AM-PCFS6-06215 33°36'59.90'' N 115°59'55.43'' W 13.2 gypsum + qtz + albite ± zeolites
AM-PCFS6-07215 33°36'59.90'' N 115°59'55.43'' W 33.2 clinochlore + calcite ± zeolites ± lindackerite ± amphibole minerals
AM-PCFS6-08215 33°36'59.90'' N 115°59'55.43'' W 34.3 Qtz + clinochlore +albite + biotite/muscovite ± zeolites ± smectites
AM-PCFS6-09315 33°36'59.90'' N 115°59'55.43'' W 52 clinochlore + albite +carlinite + zeolites
AM-PCFS6-10315 33°36'59.90'' N 115°59'55.43'' W 52 qtz + albite + clinochlore + carlinite + phlogopite ± zeolites ± palygorskite
AM-PCFS6-11315 33°36'59.90'' N 115°59'55.43'' W 52 clinochlore + qtz + albite ± calcite ± carlinite ± zeolites 
AM-PCFS6-12315 33°36'59.90'' N 115°59'55.43'' W 52 qtz + albite clinochlore + biotite ± carlinite ± calcite ± lindackerite ± annite/fluorannite ± zeolites
AM-PCFS6-18315 33°36'59.90'' N 115°59'55.43'' W 65.3 calcite + clinochlore + qtz + albite + zeolites
AM-PCFS6-22315A 33°36'59.90'' N 115°59'55.43'' W 100.1 qtz + albite + clinochlore/chlorite/serpentine ± orthoclase ± biotite ± muscovite
AM-PCFS6-23315 33°36'59.90'' N 115°59'55.43'' W 147 Laumontite + qtz + clinochlore + montmorillonite ± vermiculite
AM-PCFS6-26315 33°36'59.90'' N 115°59'55.43'' W 146.6 clinochlore + qtz + albite +laumontite ± muscovite ± biotite ± illite
AM-PCFS6-34315 33°36'58.28'' N 115°59'51.53'' W N/A clinochlore ± carlinite ± calcite + magenesiohornblende + qtz ± zeolites
AM-PCFS6-44315 33°36'58.28'' N 115°59'51.53'' W N/A clinochlore + calcite +qtz + magnesiohornblende ± corrensite ± tosudite
AM-PCFAH-10215 33°37'00.42'' N 116°00'03.60'' W N/A quartz + clinochlore + albite + epidote/clinozoisite ± titanite ± muscovite
AM-PCFAH-12215 33°37'00.42'' N 116°00'03.60'' W N/A qtz + clinochlore + albite/anorthite + muscovite ± carlinite ± zeolites ± palygorskite
AM-PCFAH-12215 33°37'00.42'' N 116°00'03.60'' W N/A qtz + clinochlore + albite/anorthite + muscovite ± carlinite ± zeolites ± palygorskite
AM-PCFAH-14215 33°37'00.42'' N 116°00'03.60'' W N/A qtz + clinochlore + albite/anorthite + muscovite ± carlinite ± zeolites ± palygorskite
AM-PCFAH-16215 33°37'00.42'' N 116°00'03.60'' W N/A qtz + clinochlore + albite ± carlinite ± muscovite ± lavendulan
AM-PCFAH-18315 33°37'00.42'' N 116°00'03.60'' W 5.9 qtz + albite ± zeolites ± palygorskite ± muscovite
AM-PCFAH-20315 33°37'00.42'' N 116°00'03.60'' W 8.3 qtz + calcite + clinochlore + albite ± biotite ± zeolites ± monmorillonite
AM-PFS1-01115 33°37'59.62" N 115°59'39.17" W 9.25 qtz + kspar + albite + zeolites
AM-PFS1-02115 33°37'59.62" N 115°59'39.17" W 13.3 albite + clinochlore ± carlinite + anorthosite + zeolites
AM-PFS1-03115 33°37'59.62" N 115°59'39.17" W 12.5 epidote + calcite + sodalite/zeolites +qtz + albite
AM-PFS2-11215 33°37'49.24" N 115°59'19.97" W HOST albite + clinochlore + laumontite + microcline ± other zeolites ± amphiboles
AM-PFS2-12215 33°37'49.24" N 115°59'19.97" W 0 qtz + albite + laumontite +/- orthoclase +/- tamarugite +/- paragonite 
AM-PFS2-14215 33°37'49.24" N 115°59'19.97" W 0.05 qtz + laumontite + albite
AM-PFS2-15215 33°37'49.24" N 115°59'19.97" W 0.14 muscovite + albite + merlinoite ± qtz
AM-PFS2-16215 33°37'49.24" N 115°59'19.97" W 0.3 qtz + albite ± carlinite ± calcite + merlinoite + muscovite
AM-PFS2-18215 33°37'49.24" N 115°59'19.97" W 0.7 clinochlore + albite ± sodalite ± retgersite ± qtz
AM-PFS2-19215 33°37'49.24" N 115°59'19.97" W 2 qtz + albite + merlinoite ± muscovite ± nontronite ± gypsum
AM-PFS2-20215 33°37'49.24" N 115°59'19.97" W 1.3 clinochlore + albite + sodalite ± carlinite ± orthoclase ± merlinoite
AM-PFS2-21215 33°37'49.24" N 115°59'19.97" W 6.5 qtz + clinochlore + albite + calcite + laumontite
AM-PFS2-22215 33°37'49.24" N 115°59'19.97" W 8.5 qtz + albite ± carlinite ± calcite ± clinochlore ± beidellite ± muscovite ± illite
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Table A.5. continues 
 
Distance
Sample Latitude Longitude from fault (m) XRD Spectra Interpretation
AM-SLA-12215 33°37'49.34'' N 115°59'24.97'' W N/A clinochlore + albite +magnesiohornblende + calcite ± carlinte ± titanite ± qtz ± zeolites
AM-ECFS1-02115 33°38'11.85" N 115°58'38.34" W N/A qtz + clinochlore + calcite + polylith +albite
AM-ECFS1-15215 33°38'11.85" N 115°58'38.34" W N/A qtz + ferroan dolomite + muscovite + chlorite/serpentine
AM-HSFS1-01115 33°37'57.71" N 115°55'07.77'' W 0.2 qtz + magnesiohornblende + chlorite/serpentinite + albite
AM-HSFS1-04115 33°37'57.71" N 115°55'07.77'' W 0.3 clinochlore + magnesiohornblende + anorthite + qtz ± calcite ± zeolites
AM-HSFS1-05115 33°37'57.71" N 115°55'07.77'' W 0 clinochlore + magnesiohornblende ± carlinite + qtz + albite ± palygorskite 
AM-HSFS1-12115 33°37'57.71" N 115°55'07.77'' W 1.75 clinochlore + albite + muscovite/polylithionite ± carlinite ± calcite ± zeolites ± qtz 
AM-HSFS1-15115 33°37'57.71" N 115°55'07.77'' W 2.35 qtz + clinochlore + polylithionite/muscovite + albite ± carlinite/calcite ± zeolite
AM-HSFS1-16115 33°37'57.71" N 115°55'07.77'' W 3.2 qtz + clinochlore + muscovite + albite + calcite
AM-HSFS1-17115 33°37'57.71" N 115°55'07.77'' W 3.3 qtz + muscovite + clinochlore + palygorskite + albite
AM-HSFS1-18115 33°37'57.71" N 115°55'07.77'' W 2.6 qtz + chlorite/clinochlore + muscovite + albite + calcite ± zeolites ± montmorillonite ± lavendulan
AM-HSFS1-19115 33°37'57.71" N 115°55'07.77'' W 4.9 qtz + chlorite/clinochlore + muscovite + albite + calcite ± lavendulan ± zeolites ± montmorillonite
AM-HSFS1-20115 33°37'57.71" N 115°55'07.77'' W 5.2 qtz + clinochlore + muscovite + calcite + albite + amphibole ± corrensite ± lavendulan ± carlinite
AM-HSFS1-01215 33°37'57.71" N 115°55'07.77'' W HOST clinochlore + magnesiohornblende + albite + zeolites ± qtz ± kspar 
AM-HSFS2A-01215 33°37'06.04" N 115°55'08.33'' W 0.14 qtz + clinochlore + palygorskite + muscovite ± zeolites ± albite
AM-HSFS2A-02215 33°37'06.04" N 115°55'08.33'' W 0 qtz + muscovite + graphite
AM-HSFS2A-03215 33°37'06.04" N 115°55'08.33'' W 0.45 qtz + clinochlore + muscovite ± zeolites
AM-HSFS2A-04215 33°37'06.04" N 115°55'08.33'' W 4.44 qtz + albite + clinochlore + muscovite + calcite ± carlinite ± montmorillonite ± palygorskite
AM-HSFS2B-01215 33°37'06.04" N 115°55'08.33'' W 0.05 qtz + chlorite/serpentinite + muscovite + albite ± calcite ± carlinite
AM-HSFS2B-03215 33°37'06.04" N 115°55'08.33'' W 3.3-3.9 qtz + clinochlore + albite + polylith/muscovite ± illite ± zeolites ± calcite ± braunite ± calcite
AM-HSFS2B-04215 33°37'06.04" N 115°55'08.33'' W 7.1 qtz + clinochlore + muscovite + albite ± zeolites
AM-HSFS2B-07215 33°37'06.04" N 115°55'08.33'' W 8.7 chlorite/serpentinite + qtz + muscovite + magnesiohornblende ± carlinite ± zeolites ± kspar
AM-HSFS2B-09215 33°37'06.04" N 115°55'08.33'' W 1.8 qtz + albite + clinochlore + muscovite + calcite
AM-HSFS2B-10B215 33°37'06.04" N 115°55'08.33'' W 6.2 qtz + muscovite + albite ± zeolites
AM-L1-09315 33°37'28.47" N 115°59'39.41'' W N/A albite + qtz + polylithionite + anorthoclase +merlinoite
AM-L1-11315 33°37'29.51" N 115°59'33.05'' W N/A clinochlore + albite + low qtz + biotite + merlinoite
AM-L1-12315 33°37'28.55" N 115°59'36.37'' W N/A qtz + clinochlore + albite + biotite
AM-HSFS1-0516 33°37'57.71" N 115°55'07.77'' W N/A qtz + muscovite + clinochlore + albite + calcite ± carlinite
AM-MHS1-0616 33°37'26.94" N 115°59'40.95" W N/A qtz + albite + clinochlore + laumontite + biotite
AM-ECFS1-1016 33°38'11.85" N 115°58'38.34" W N/A qtz + ferroan dolomite + muscovite + chlorite/serpentine/clinochlore
AM-ECFS1-1116 33°38'11.85" N 115°58'38.34" W N/A qtz + albite + muscovite + chlorite/serpentine ± lavendulan
AM-PCF-1516 33°36'54.73" N 116°00'06.19" W N/A qtz + albite ± muscovite ± biotite ± zeolites ± lavendulan
AM-BCS1-1616 33°37'01.04" N 115°56'42.57" W N/A qtz + chlorite + albite + muscovite ± clinozoisite ± polylithionite
AM-LBC-1816 33°36'03.44" N 115°53'49.97" W N/A qtz + anorthite + clinochclore + muscovite + magnesiohornblende
AM-TC-1916 33°39'58.37" N 115°53'58.39" W N/A qtz + albite + clinochlore + muscovite + calcite
AM-HSFS2-2116 33°34'43.16" N 115°53'58.39" W N/A qtz + chlorite/serpentine + muscovite +albite ± zeolites ± carlinite
HSFS2-2216 33°34'49.75" N 115°54'05.33" W N/A palygorskite + qtz + clinochlore ± polylithionite ± opal ± zeolites ± montmorillonite
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     Table A.6. Hematite grain size measurements and closure temperature calculations. 
 
 
Table A.3. Hematite grain size measurements and closure temperature calculations
Sample Count r min (µm)a r mean (µm)a r max (µm)a Tcl min (°C)b Tcl mean (°C)b Tcl max (°C)b
PCF-28 104 7.427 14.963 25.398 53 62 69
PCF-29 106 7.647 14.113 27.106 54 61 70
PCF-30 105 8.44 14.438 27.019 55 61 69
PCF-36 208 10.291 18.118 29.248 57 64 71
PFS2-03 102 6.772 17.881 31.413 52 64 71
agrain size. All measurements reported as plate half-width
bestimated closure temperature assuming Ea=147.5 kJ/mol, D0=2.2x10
-4 cm2/s
(Evenson et al., 2014), spherical diffusion geometry, diffusion lengthscale equal
to grain size (Bähr et al., 1994; Evenson et al., 2014), and 10 °C/myr cooling rate
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Table A.7. Hematite (U-Th)/He data 
 Table A.4. Hematite (U-Th)/He data
Sample U (ng) ± 1σ Th (ng) ± 1σ Th/U He (fmol) ± 1σ Date (Ma) Error (Ma)a
PCF-28   33°36'59.90'' N   115°59'55.43'' Wb
H1 0.799 0.011 0.019 0.0003 0.025 3.03 0.07 0.70 0.02
H2 0.469 0.007 0.008 0.0002 0.017 1.75 0.04 0.69 0.02
H3 0.426 0.006 0.007 0.0002 0.016 1.67 0.03 0.72 0.02
H4 0.558 0.008 0.052 0.0008 0.096 1.88 0.04 0.61 0.02
Mean ± st. dev.: 0.7 ± 0.1 Ma
PCF-29   33°36'59.90'' N   115°59'55.43'' W
H1 0.598 0.008 0.021 0.0003 0.036 1.21 0.03 0.37 0.01
H2 1.129 0.016 0.018 0.0003 0.017 2.37 0.05 0.39 0.01
H3 0.991 0.014 0.011 0.0002 0.012 1.93 0.04 0.36 0.01
H4 0.643 0.009 0.008 0.0001 0.013 1.32 0.03 0.38 0.01
Mean ± st. dev.: 0.4 ± 0.0 Ma
PCF-30   33°36'59.90'' N   115°59'55.43'' W
H1 0.482 0.007 0.013 0.0002 0.028 1.23 0.03 0.47 0.01
H2 0.773 0.011 0.009 0.0002 0.012 2.42 0.01 0.58 0.01
H3 0.497 0.007 0.017 0.0003 0.036 1.45 0.03 0.54 0.01
H4 0.728 0.010 0.026 0.0004 0.036 1.68 0.04 0.42 0.01
Mean ± st. dev.: 0.5 ± 0.1 Ma
PCF-36   33°36'59.90'' N   115°59'55.43'' W
H1 0.428 0.006 0.005 0.0002 0.011 0.87 0.03 0.38 0.01
H2 0.098 0.002 0.002 0.0005 0.024 0.19 0.02 0.37 0.04
H3 0.073 0.001 0.001 0.0001 0.009 0.19 0.02 0.48 0.05
H4 0.154 0.002 0.001 0.0001 0.005 0.42 0.03 0.51 0.03
H5 0.087 0.001 0.001 0.0001 0.016 0.23 0.02 0.48 0.04
H6 0.046 0.001 0.002 0.0001 0.034 0.10 0.02 0.42 0.07
H7 0.087 0.001 0.001 0.0001 0.015 0.21 0.02 0.45 0.04
H8 0.070 0.001 0.001 0.0001 0.015 0.14 0.02 0.38 0.05
Mean ± st. dev.: 0.4 ± 0.1 Ma
PFS2-03   33°37'49.34'' N  115°59'24.97'' W
H1 0.013 0.000 0.037 0.0006 2.917 0.09 0.02 0.75 0.16
H2 0.013 0.000 0.005 0.0001 0.428 0.04 0.01 0.55 0.14
H3 0.029 0.000 0.026 0.0004 0.939 0.10 0.01 0.55 0.06
H4 0.021 0.000 0.016 0.0003 0.792 0.09 0.01 0.68 0.08
Mean ± st. dev.: 0.6 ± 0.1 Ma
a1σ propagated error from analytical uncertainties on U, Th, and He measurements
bsample location latitude and longitude
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Table A.8. Apatite (U-Th)/He data 
 
   
Table A.5. Apatite (U-Th)/He data
Ca-based Ca U Th [eU] Sm 4He Raw date Corr date Errore
Sample massa (mg) rb (um) lc (um) (ng) ± 1σ (ppm) (ppm) (ppm) (ppm) nmol/g) Ftd (Ma) (Ma) (Ma)
PCFS6   33°36'59.90'' N   115°59'55.43'' Wf
A1 0.0022 46.0 151.9 883.148 13.073 2.040 1.790 2.580 25.380 0.120 0.70 8.93 12.81 0.72
A2 0.0013 31.9 161.5 523.400 8.585 9.980 33.630 19.300 309.270 0.080 0.61 0.85 1.43 0.10
A3 0.0066 66.9 218.4 2618.262 39.101 3.180 3.720 4.590 115.760 0.020 0.79 0.81 1.02 0.08
A4 0.0026 49.7 160.4 1040.865 15.150 9.870 36.230 20.070 366.250 0.120 0.72 1.13 1.60 0.06
A5 0.0026 40.8 206.9 1027.124 15.133 26.430 12.710 31.130 367.290 0.100 0.69 0.62 0.90 0.03
A6 0.0028 42.1 211.0 1105.706 16.361 11.950 7.010 14.140 116.240 0.060 0.70 0.79 1.14 0.06
A7 0.0025 41.4 206.3 975.027 14.440 2.980 4.600 4.440 81.900 0.020 0.69 0.90 1.30 0.17
PFS2   33°37'49.34'' N   115°59'24.97'' W
A1 0.0014 40.3 126.5 564.570 8.326 16.740 0.880 16.970 4.520 0.050 0.66 0.54 0.81 0.10
A3 0.0012 32.9 178.4 480.597 7.043 9.870 0.480 10.000 3.750 0.030 0.63 0.54 0.86 0.18
A6 0.0020 43.9 152.6 800.219 12.839 4.530 0.300 4.660 13.510 0.020 0.69 0.89 1.29 0.30
PCF-15   33°36'54.73" N   116°00'06.19" W
A1 0.0036 52.5 178.1 1428.290 25.047 4.865 0.503 5.668 145.827 0.122 0.73 4.39 5.99 0.44
A2 0.0030 51.8 174.5 1204.072 20.586 4.202 3.404 5.425 90.735 0.082 0.72 2.96 4.10 0.19
A3 0.0044 57.1 186.6 1750.686 28.703 3.079 0.606 3.665 94.509 0.072 0.75 4.02 5.34 0.20
A4 0.0059 62.7 207.5 2354.657 41.640 29.783 21.912 36.127 258.897 1.569 0.77 8.25 10.77 0.16
A5 0.0017 41.1 146.6 662.515 11.565 5.017 6.343 7.271 163.774 0.260 0.66 7.17 10.92 0.73
A6 0.0010 38.8 152.4 385.624 6.432 8.110 2.568 9.288 122.764 0.114 0.64 2.38 3.70 0.32
TC-19   33°39'58.37" N   115°53'58.39" W
A1 0.0025 48.4 134.1 1004.901 16.541 4.826 2.544 5.456 7.366 0.303 0.71 10.34 14.71 1.27
A2 0.0022 48.3 149.2 890.604 14.704 1.229 0.346 1.317 1.640 0.033 0.71 4.70 6.68 0.80
A4 0.0009 34.7 114.1 367.780 7.006 2.204 0.884 2.436 5.371 0.067 0.61 5.14 8.54 1.08
A5 0.0007 35.5 115.6 296.303 4.888 3.713 2.825 4.405 6.640 0.112 0.61 4.74 7.82 0.72
A6 0.0016 40.1 183.5 624.504 10.329 2.230 3.424 3.068 7.819 0.130 0.65 7.87 12.27 0.70
MHS1   33°37'26.94" N   115°59'40.95" W
A1 0.0046 59.4 184.5 1845.749 31.210 5.448 0.744 6.737 237.090 0.040 0.76 1.25 1.64 0.11
A2 0.0070 63.2 212.6 2790.829 46.841 4.481 1.624 5.833 206.829 0.036 0.77 1.30 1.67 0.07
A3 0.0020 44.2 192.8 809.076 13.737 6.719 0.369 6.978 36.654 0.020 0.68 0.55 0.81 0.13
A4 0.0039 55.5 184.2 1559.688 25.886 14.049 0.771 14.786 118.486 0.048 0.74 0.62 0.83 0.06
A5 0.0032 52.0 185.1 1268.083 21.597 7.462 0.447 7.712 30.952 0.026 0.73 0.63 0.87 0.10
A6 0.0010 33.0 144.4 395.197 6.975 18.948 1.735 19.933 123.209 0.095 0.59 0.90 1.53 0.16
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Table A.8. continues 
 
Ca-based Ca U Th [eU] Sm 4He Raw date Corr date Errore
Sample massa (mg) rb (um) lc (um) (ng) ± 1σ (ppm) (ppm) (ppm) (ppm) nmol/g) Ftd (Ma) (Ma) (Ma)
ECF-11   33°38'11.85" N   115°58'38.34" W 
A2 0.0011 35.4 115.8 425.316 7.533 6.601 5.499 7.942 11.568 0.134 0.61 3.14 5.19 0.35
A5 0.0024 46.5 165.5 959.258 16.806 34.899 35.029 43.783 146.217 0.184 0.70 0.79 1.14 0.05
A6 0.0007 32.3 87.3 261.273 4.738 19.271 14.414 22.835 40.498 0.446 0.58 3.64 6.35 0.25
A7 0.0021 47.9 121.9 840.471 14.050 1.267 2.256 1.822 5.604 0.019 0.70 1.98 2.86 0.44
A8 0.0040 52.8 218.1 1605.770 30.683 17.016 33.293 25.380 122.117 0.141 0.73 1.04 1.45 0.11
A9 0.0026 54.7 186.9 1042.598 18.312 0.459 2.912 1.167 5.689 0.018 0.74 2.89 4.03 0.49
A10 0.0041 55.3 219.7 1636.803 27.133 0.741 1.729 1.188 8.990 0.030 0.74 4.82 6.60 0.39
A11 0.0018 44.1 140.8 705.807 11.540 58.457 95.293 82.184 304.074 6.880 0.68 15.67 23.34 0.31
LBC-17   33°36'03.44" N   115°53'49.97" W
A1 0.0011 38.2 121.5 446.556 8.053 30.794 35.990 40.268 223.800 1.778 0.64 8.33 13.23 0.27
A3 0.0032 49.7 195.8 1263.845 22.395 15.789 15.924 20.410 190.328 0.718 0.71 6.73 9.49 0.23
A4 0.0011 37.5 125.2 421.189 7.101 1.120 0.939 1.412 15.442 0.270 0.63 36.71 58.44 2.76
A5 0.0012 38.8 101.6 479.106 8.339 20.353 21.312 25.768 90.882 0.085 0.64 0.62 0.98 0.09
HSFS2   33°34'43.16" N   115°53'58.39" W
A1 0.0013 38.7 160.6 515.645 8.443 65.672 81.668 84.972 40.464 8.515 0.64 18.55 29.35 0.44
A2 0.0016 39.7 105.2 461.637 7.796 2.410 1.181 2.695 1.665 0.036 0.65 2.48 3.85 0.57
A3 0.0009 36.2 130.9 375.622 6.779 17.607 52.735 30.435 103.811 1.137 0.62 6.98 11.60 0.70
A4 0.0018 45.5 104.5 695.363 11.433 0.661 1.021 0.912 2.749 0.048 0.69 9.88 14.54 1.44
A5 0.0012 42.6 128.0 471.681 8.018 2.578 2.507 3.193 6.111 0.039 0.67 2.27 3.43 0.54
A6 0.0010 38.7 115.5 412.841 6.908 1.380 1.806 1.837 7.298 0.034 0.64 3.48 5.50 1.06
amass calculated from [Ca] and stoichiometry (Guenthner et al., 2016)
br-radius
cl-length
dFt-alpha ejection correction (Farley et al., 1996)
e1σ propogated error from analytical uncertainties on U, Th, and He measurements
fsample location latitude and longitude
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Fig. A.1. continues 
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Fig. A.1. Various field photographs from fault zones in the Mecca Hills. (A) Platform 
Fault fault-related rock geochemical transect. (B) Delicate, striated, clay-rich slip surface 
in the PF zone. (C) Ferroan dolomite-rich ECF core. (D) Hidden Springs Fault fault-
related rock geochemical transect. (D) Altered Orocopia Schist in the HSF zone. See 
main text for unit and fault abbreviations. (F) the Hidden Springs Fault as expressed in 
the sedimentary units of the Mecca Hills. Black box shows area of G. (G) Silica and 
palygorskite-rich slip surface with multiple slip vector orientations (arrows). 
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Fig. A.2. Stereonets of poles to planes of fault and slip surface orientation data. All 
contours are Kamb contours. (A) Fault damage zone related slip surfaces and faults. (B) 
Basement faults and slip surfaces. (C) Fault hosting dip-slip slip vectors. (D) Faults 
hosting strike-slip slip vectors. (E) Fault damage zone slip vectors. (F) Hematite-coated 
slip surfaces from PFS2. Main trace of the PF plotted as a plane. (G) PCF damage zone 
basement faults and slip surfaces. Main trace of the PCF plotted as a plane. (H) Painted 
Canyon Fault damage zone slip vectors. Main trace of the PCF plotted as a plane. (I) 
PFS1 and PFS2 damage zone faults and slip surfaces. Main trace of the Platform Fault 
shown. (J) All Platform Fault damage zone slip vectors. Main trace of the Platform Fault 
shown. (K) ECFS1 basement damage zone faults and slip surfaces. Main trace of the 
Eagle Canyon Fault shown. (L) HSFS1 basement damage zone faults and slip surfaces. 
Main trace of the Hidden Springs Fault shown. (M) HSFS2 white slip surfaces in 
sedimentary rock units. Main trace of the Hidden Springs Fault shown. (N) HSFS2 slip 
vectors from white slip surfaces in sedimentary rock units. Main trace of the Hidden 
Springs Fault shown. 
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Fig. A.3. Thin section photos from fault-related rocks of the Painted Canyon Fault, 
Platform Fault, and Hidden Springs Fault damage zones. All images are from crystalline 
basement fault-related rocks. (A-F) Painted Canyon Fault. (G-I) Platform Fault. (J) 
Hidden Springs Fault. (A) Microfault in feldspar grain. (B) Hematite-lined calcite vein. 
Cross-polarized light. (C) Hornblende brecciated and mineralized along cleavage planes. 
Cross-polarized light. (D) Possible pseudotachylyte vein. Plane-polarized light. (E) 
Possible pseudotachylyte vein. Cross-polarized light. (F) Euhedral quartz grain within a 
fault rock vug. Cross-polarized light.  (G) Hematite-mineralized cataclasis. Cross-
polarized light. (H) Crackle-mosaic breccia. Cross-polarized light. (I) Hematite-
mineralized cataclasis. Cross-polarized light. (J) Brecciated clasts possibly representing 
multiple deformation events and phases. Plane-polarized light.  
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Fig. A.4. Thin sections of fault-related rocks from the Painted Canyon Fault transect at 
PCFS6. All images are cross-polarized light. 
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Fig. A.5. Thin sections of fault-related rocks from the Platform Fault transect at PFS2. 
All images are cross-polarized light. 
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Fig. A.6. Thin sections of fault-related rocks from the Hidden Springs Fault transect at 
HSFS1. All images are cross-polarized light. 
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Fig. A.7.  continues 
PCF-28
Figure A.1.: Hand sample and field photographs of hematite fault surface samples
PCF-281 cm
PCF-29
PCF-291 cm
PCF-30
1 cm
PCF-30315
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Fig. A.7. Field and hand sample photographs of hematite-coated slip surface samples. 
Figure A.1. continued: Hand sample and field photographs of hematite fault surface 
samples
PCF-36 PCF-37
PCF-36
PCF-37
PFS2-03 (float)
PFS2-03
PCF-36
PCF-37
1 cm 1 cm
1 cm
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Fig. A.8. Photomicrographs of hematite aliquots analyzed for (U-Th)/He dating. 
500 μm
H1 H2 H3 H4
500 µm
H1 H2 H3 H4
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Figure A.2. Photomicrographs of hematite aliquots analyzed for (U/Th)/He dating
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Fig. A.9. Scanning electron microscopy images taken at different scales from 
representative aliquots of sample PCF-28. 
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Figure A.3. SEM SE images taken at different scales from representative aliquots of sample PCF-28
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Fig. A.10. Scanning electron microscopy images taken at different scales from 
representative aliquots of sample PCF-29. 
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Figure A.3. continued: SEM SE images taken at different scales from representative aliquots of sample PCF-29
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Fig. A.11. Scanning electron microscopy images taken at different scales from 
representative aliquots of sample PCF-30. 
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Fig. A.12. Scanning electron microscopy images taken at different scales from 
representative aliquots of sample PCF-36. 
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Figure S3 continued: SEM SE images taken at different scales from representative aliquots of sample PCF-36
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Fig. A.13. Scanning electron microscopy images taken at different scales from 
representative aliquots of sample PFS2-03. 
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Figure A.3. continued: SEM SE images taken at different scales from representative aliquots of sample PFS2-03
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Fig. A.14.  Scanning electron microscopy images showing anastomosing hematite slip 
surfaces from sample PCF-36. Images are cross-sections of hematite-coated slip surfaces.
200 µm
300 nm
Figure A.3. continued: SEM SE i ages of sample PCF-36 showing anatomosing hematite slip surfaces 
at the micro-scale
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Fig. A.15. Permission to use letter from Kelly K. Bradbury, coauthor on Chapter II. 
  
5/4/2017 Franklin & Marshall College Mail - Permission granted
https://mail.google.com/mail/u/0/?ui=2&ik=946635133c&view=pt&search=inbox&th=15bd562f77c66846&siml=15bd562f77c66846 1/1
Amy Moser <amoser1@fandm.edu>
Permission granted 
1 message
kelly Bradbury <kelly.bradbury@usu.edu> Thu, May 4, 2017 at 3:34 PM
To: Amy Catherine Moser <amy.moser@fandm.edu>, Amy Moser <amy.moser@aggiemail.usu.edu>, Amy Moser
<amoser1@fandm.edu>
Dear Amy,
 
I hereby grant you permission to use my contributions to Chapter 2 of your thesis titled “ U­Th/He
thermochronometry reveals Pleistocene punctuated deformation and synkinematic hematite mineralization
in the Mecca Hills, southernmost San Andreas Fault zone.”
 
Sincerely,
Kelly K. Bradbury
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Geochemical and (U-Th)/He Methods 
A.1. Geochemical methods 
A.1.2. X-ray diffraction 
Sample powders for X-ray diffraction analyses were prepared and analyzed in the 
x-ray analysis laboratory at Utah State University. Rock chips were ground in Rocklabs 
R.C. Ring Mill pulverizer using a Zirconium grinding vessel. Powders were manually 
compacted into metal sample holders to form a smooth, flat surface for analyses. Samples 
were analyzed using a Panalytical X’Pert Pro X-ray Diffraction Spectrometer 
(PW3373/00 Cu LFF DK194241 x-ray) under 45 kV tension and 40 mA current 
operating conditions. Diffraction patterns were measured from 2! = 2-75°. Mineralogic 
interpretations were made from the peaks and profiles of the diffraction patterns using the 
X’Pert High Score software program. 
 
A.1.3. X-ray fluorescence 
 Sample powders for X-ray fluorescence analyses were prepared and analyzed at 
the Peter Hooper Geoanalytical Lab at Washington State University. Rock chips were 
crushed for two minutes in a tungsten carbide swing mill. Three and a half grams of 
sample was then mixed with 7.0 g dilithium tetraborate. Glass beads from these powders 
were fused in a muffle oven at 1000 °C, reground, refused, and polished after cooling 
following the single bead low-dilution fusion technique. Samples were analyzed for 
major and trace elements on a ThermoARL Advant’XP+ sequential X-ray fluorescence 
spectrometer.  See Johnson et al. (1999) for complete details on sample preparation, 
analyses, and standard information. Normalized major element data were calculated by 
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dividing each fault-related rock major oxide result by the corresponding major oxide 
value from the unaltered host rocks. 
 
A.2. Hematite texture scanning electron microscopy and grain size measurements 
Hematite secondary electron (SE) images of representative hematite aliquots from 
each sample were acquired on a Quanta 650 FEG scanning electron microscope at Utah 
State University’s Microscopy Core Facility. Chips of hematite ~1-2 mm in diameter 
were extracted directly from the fault surfaces using fine point tweezers. Replicate 
aliquots were obtained by breaking chips into pieces using fine point tweezers. We image 
representative aliquots, owing to the fragile nature of the material that would be 
destroyed by over manipulation or placement on copper sticky tape. Aliquots were 
mounted in epoxy in a 1” plastic ring form, polished to 1 µm, and carbon-coated. SE 
imaging of all aliquots occurred in high vacuum (<1.52x10-5), with 30 kV accelerating 
voltage, 65 nA current, and 7.9-9.6 mm working distance using the Everhart-Thronley 
detector. Images were acquired at various scales such that images at the smallest field of 
view are a component of the larger field of view. Images are annotated to show these 
relationships and the self-similarity of the grain size distribution in each aliquot (Figs. 
A.9.-A.14). SE images were taken at ~10,000-200,000x magnification for all samples. 
The thickness (diameter) of ~100 individual plates were measured for each sample using 
the ImageJ software. Minimum, maximum, and mean plate radii (half-width) and 
calculated closure temperature are reported in Table S3.  
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A.3. (U-Th)/He methods  
He degassing and U-Th analyses of hematite and apatite were conducted at the University 
of Arizona Radiogenic Helium Dating Laboratory (ARHDL).  
 
A.3.1. Hematite 
Target aliquots were selected from populations created during SEM analysis. 
Hematite aliquots were selected for (U-Th)/He analyses to avoid tweezer marks and the 
occurrence of other phases. Individual aliquots were loaded into Nb packets. Hematite 
aliquots were heated to temperatures and packet “glow” comparable to apatite for ~5 
minutes using a diode laser in an ultra-high vacuum gas extraction line. Extracted He gas 
was spiked with 3He, purified using cryogenic and gettering methods, and analyzed on a 
quadrupole mass spectrometer. One aliquot from each sample was heated a second time 
to temperatures slightly greater than the first extraction to confirm all He was released. 
Analysis of a known quantity of 4He was performed after every 4-5 unknown analyses to 
monitor instrumental sensitivity drift. U and Th contents of each aliquot were measured 
by isotope dilution and solution ICPMS, as described by Reiners (2005). Prior analyses in 
the ARHDL indicate that hematite does not fully dissolve in nitric acid, hydrochloric 
acid, or aqua regia, requiring HF dissolution in a pressure digestion vessel (Parr bomb). 
Following addition of a 233U-229Th spike, equilibration, and dissolution, U and Th 
isotopes were measured on an Element 2 ICP-MS. Fish Canyon Tuff zircon was used as a 
standard and analyzed by the same procedures with the batch of unknowns. We do not 
apply an alpha-ejection correction to the hematite He dates because (1) aliquots are part 
of a larger hematite mass and (2) we assume the adjacent side of each fault surface is also 
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hematite-coated. Hematite dates were determined assuming that the grains were unzoned 
in U and Th. Samples do not exhibit a correlation between individual date and Th/U ratio 
(Fig. DR5), supporting that U volatilization and loss did not occur during lasing 
(Vasconcelos et al., 2013). 
 
A.3.2. Apatite 
Single crystals of apatite were selected based on morphology, clarity, and lack of 
inclusions using a binocular microscope with crossed polars. Individual apatites were 
imaged, length and width dimensions measured on two sides, and loaded into Nb packets. 
Apatites were laser heated to ~1065 °C for three minutes with a diode laser without a gas 
re-extract. Extracted He gas was spiked with 3He, purified using cryogenic and gettering 
methods, and analyzed on a quadrupole mass spectrometer. The degassed apatites were 
retrieved, spiked with a 233U-229Th-147Nd-42Ca tracer, dissolved in HNO3 at ~90 °C for 1 
hour, and analyzed on an Element 2 ICP-MS. Apatite dimensional mass was calculated 
from Ca measurements and stoichiometry and used to calculate parent U-Th-Sm 
concentrations. This Ca-based mass was used to calculate the apatite U, Th, and Sm 
concentrations. Fragments of the Durango apatite were used as a standard. Blank-
corrected (U-Th-Sm)/He dates were calculated with propagated analytical uncertainties 
from U, Th, Sm, and He measurements. A hexagonal prism morphology was used as a 
reasonable approximation for the apatite alpha-ejection correction (Farley et al., 1996) 
and apatites are assumed to be unzoned in U, Th, and Sm. 
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APPENDIX B: SUPPLEMENTAL MATERIAL TO CHAPTER III
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Figure B.1. Zircon grains dated from each sample showing range in metamictization. 
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Zircon (U-Th)/He methods  
He degassing and U-Th analyses of hematite and apatite were conducted at the University 
of Arizona Radiogenic Helium Dating Laboratory (ARHDL). 
 
A.3.2. Zircon 
Zircon (U-Th)/He analyses were completed following the CO2 lasing methods of Reiners 
et al., 2004. Whole single crystals of zircon were selected for (U-Th)/He analyses to 
reflect a range in visual radiation damage or “metamictization” based on crystal clarity, 
coloration, and morphology. Individual zircons were imaged, length and width 
dimensions measured on two sides, and loaded into Nb packets. Zircons were laser 
heated to ~1250-1400 °C for eighteen minutes with a diode laser. Grains were heated one 
or two additional times at temperatures slightly higher than the original extract until He 
yields for a re-extract were less than <2% of total extracted He. Extracted He gas was 
spiked with 3He, purified using cryogenic and gettering methods, and analyzed on a 
quadrupole mass spectrometer. The degassed zircons were retrieved, spiked with a 233U-
229Th-147Nd-42Ca tracer, dissolved in HF and analyzed on an Element2 ICP-MS. Zircon 
dimensional mass was calculated from Zr measurements and stoichiometry and used to 
calculate parent U-Th concentrations (Guenthner et al., 2016). Single crystals of Fish 
Canyon Tuff zircon were used as a standard. Blank-corrected (U-Th-Sm)/He dates were 
calculated with propagated analytical uncertainties from U, Th, and He measurements. A 
hexagonal prism morphology was used as a reasonable approximation for the zircon 
alpha-ejection correction (Farley et al., 1996) and zircons are assumed to be unzoned in U 
and Th. 
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